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r̂ ^̂ -i±î ement for the Degree of _[toctor omialosophjr 

V. V J Vx-

s M.D Emmanuel 

Emmanuel Akpdriaie Ph. D\ 

f\ ^ 

Douglas Y, Lake Hi. D. 

g "  f i y  o 3  
Date ^ j 

?! n m  
Date ! | 

Date i  

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
reqiii-renB^nt. | 

s - Z B / O  
, ^-5 

^ - ^ 
Dissertation MrSrCOT" Date'J 

Emmanuel Katsanis 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in the interests of scholarship. In 
all other instances, however, permission must be obtained from the author. 

SIGNED: 



4 

ACKNOWLEDGEMENTS 

I wish to express my most sincere appreciation to a number of people whoes help 

and support has made my achievement possible. I would like to thank; 

My mentor, Dr. Emmanuel Katsanis, for his patience, understanding, and support, 

which helped me grow scientifically and personally. 

My graduate advisory committee members: Dr. Luke Whitesell, Dr. Emmanuel 

Akporiaye, Dr. Douglas Lake, Dr Alan List, for their guidance and advice, which helped 

me develop into an independent researcher. 

TEE UP FOR TOTS Fund, for kindly offering me fellowship and for the 

encouragement. 

Dr. Michael W. Graner and Dr. Hanping Feng, for their inspiring discussions and 

technical assistance. 

My fellow graduate students and all other members in Dr. Katsanis Lab, Dr. 

Whitesell Lab and Dr. Bagatell Lab: Xianghui He, Tong Zhang, James Kobie, Xiaolei 

Tang, Rajesh Ramakrishnan, Sara O. Dionne, Gang Li, Xinchun Chen, Lance Nesbit, Lin 

He, Anna Likhachera, Jason Beliakoff, Meghan Kreeger, Cynthia David, Marilyn 

Marron, Rochelle Bagatell, Dora Chen, for their advice and support. 

Norma Seaver and Barbara Carolous, for their technical assistance in the FACS 

assays. 

My many friends, whose friendship has encouragcd me during all the hard times. 



5 

DEDICATION 

I would like to dedicate this work to my mother, Suzhen Wan, and my sister, Kun Zeng. 

Their love and support is always the driving force and source of strength in my life. 

I would also like to dedicate this work to cancer patients and their families, with the wish 

that the advances made in the field of cancer immunotherapy will be able to help them. 



6 

TABLE OF CONTENTS 

LIST OF FIGURES 10 

LIST OF FIGURES FOR APPENDIX 13 

ABSTRACT. 15 

INTRODUCTION 17 

CHAPTER I: TUMOR-DERIVED, CHAPERONE RICH CELL LYSATES 

ACTIVATE DENDRITIC CELLS AND ELICITE POTENT ANTI-TUMOR 

IMMUNITY 25 

1.1 ABSTRACT 25 

1.2 INTRODUCTION 26 

1.3 MATERIALS AND METHODS 27 

1.4 RESULTS 37 

1.5 DISCUSSION 48 

1.6 ACKNOWLEDGEMENT 53 

CHAPTER II: IMMUNIZATION WITH BCR-ABL POSITIVE TUMOR-DERIVED 

CHAPERONE RICH CELL LYSATES ELICITE BCR-ABL SPECIFIC 

IMMUNITY 54 

2.1 ABSTRACT ....54 

2.2 INTRODUCTION 55 



7 

TABLE OF CONTENTS - continued 

2.3 MATERIALS AND METHODS 56 

2.4 RESULTS 64 

2.5 DISCUSSION 70 

2.6 ACKNOWLEDGEMENT ..73 

CHAPTER III: IMATINIB MESYLATE EFFECTIVELY COMBINES WITH 

CHAPERONE RICH CELL LYSATES-PULSED DENDRITIC CELLS TO TREAT 

BCR-ABL POSITIVE MURINE LEUKEMIA 74 

3.1 ABSTRACT ....74 

3.2 INTRODUCTION 75 

3.3 MATERIALS AND METHODS 76 

3.4 RESULTS 86 

3.5 DISCUSSION 96 

3.6 ACKNOWLEDGEMENT 100 

CHAPTER IV; STRESSED APOPTOTIC TUMOR CELLS STIMULATE 

DENDRITIC CELLS AND INDUCE SPECIFIC CYTOTOXIC T CELLS ...101 

4.1 ABSTRACT .101 

4.2 INTRODUCTION 102 

4.3 MATERIALS AND METHODS 104 



8 

TABLE OF CONTENTS - continued 

4.4 RESULTS 110 

4.5 DISCUSSION 123 

DISCUSSION 128 

APENDIX 1: DANGER SIGNALS PROVIDED BY MULTIPLE CHAPERONE 

COMPLEXES STIMULATE TUMOR IMMUNITY .138 

Al.l ABSTRACT ....138 

A1.2 INTRODUCTION ....138 

A1.3 MATERIALS AND METHODS.... ...141 

AL4 RESULTS 146 

A 1.5 DISCUSSION ....163 

Al.6 ACKNOWLEDGEMENT...... 169 

APENDIX 2: TUMOR-DERIVED CHAPERONE-RICH CELL LYSATES ARE 

EFFECTIVE THERAPEUTIC VACCINES AGAINST A VARIETY OF CANCERS 

....170 

A2.1 ABSTRACT ....170 

A2.2 INTRODUCTION. .171 

A2.3 MATERIALS AND METHODS. ....173 



9 

TABLE OF CONTENTS - continued 

A2.4 RESULTS 180 

A2.5 DISCUSSION 192 

A2.6 ACKNOWLEDGEMENT 196 

REFERENCES 197 



10 

LIST OF FIGURES 

FIGURE I-l: EFFECT OF CRCL IMMUNIZING DOSE ON MEAN TUMOR 

VOLUME OF CHALLENGED MICE ...38 

FIGURE 1-2: (A) IMMUNIZATION WITH 12B1-DERIVED CRCL PROVIDES 

SPECIFIC PROTECTION AGAINST 12B1 TUMOR CHALLENGE. (B) 

IMMUNIZATION WITH PURIFIED HSP70 OR CRCL FROM 12B1 TUMOR 

DELAYS TUMOR GROWTH ..39 

FIGURE 1-3: (A) 12B1 DERIVED CHAPERONE PROTEINS STIMULATE DCS TO 

EXPRESS MHC CLASS II AND CO-STIMULATORY MOLECULES. (B) DCS 

PULSED WITH CRCL HAVE INCREASED IL-I2 PRODUCTION. (C) 12B1 

DERIVED CRCL INCREASES DC CAPACITY TO STIMULATE ALLOGENEIC 

SPLENOCYTE PROLIFERATION 43 

FIGURE 1-4: IMMUNIZATION WITH DCS PULSED WITH 12B1 DERIVED 

DCRCL PROVIDES SIGNIFICANT PROTECTION TO 12B1 TUMOR CHALLENGE. 

.44 

FIGURE 1-5: ANTI-TUMOR IMMUNITY INDUCED BY DCS PULSED WITH 

12B1-DERIVED CRCL IS BOTH CD4+ AND CD8+ T-CELL-DEPENDENT .45 

FIGURE 1-6: DCS PULSED WITH I2B1 DERIVED CRCL INDUCE A LONG TERM 

TUMOR-SPECIFIC IMMUNE RESPONSE. 46 

FIGURE 1-7: DCS PULSED WITH 12B1 DERIVED CRCL ARE EFFECTIVE 

THERAPEUTIC VACCINES IN TUMOR-BEARING MICE. 47 



11 

LIST OF FIGURES — continued 

FIGURE II-l: IMMUNIZATION OF MICE WITH 12B1-DERIVED CRCL LOADED 

DCS INDUCES BCR-ABL SPECIFIC IFN-y SECRETION 55 

FIGURE 11-2: IMMUNIZATION OF MICE WITH 12BI-DERIVED CRCL LOADED 

DCS INDUCES BCR-ABL SPECIFIC CTL ACTIVITY 57 

FIGURE 11-3: ABSENCE OF BCR-ABL P210 PROTEIN IN 12B1 CRCL... 58 

FIGURE 11-4: IMMUNIZATION OF MICE WITH 12B1-DERIVED CRCL LOADED 

DCS PROVIDES SUPERIOR THERAPEUTIC EFFECTS 59 

FIGURE IIl-l: 12B1 CELLS ARE SENSITIVE TO JMATINIB 

MESYLATE ...88 

FIGURE II1-2: IMATINIB MESYLATE INHIBITS 12B1 BCR-ABL TYROSINE 

KINASE PHOSPHORYLATION 89 

FIGURE 1II-3: TREATMENT WITH IMATINIB MESYLATE REDUCES TUMOR 

BURDEN AND PROLONGS SURVIVAL OF MICE BEARING 12B1 

LEUKEMIA... 90 

FIGURE I1I-4: COMBINING IMATINIB MESYLATE WITH DCS PULSED WITH 

TUMOR-DERIVED CRCL DELAYS 12BI TUMOR GROWTH 92 

FIGURE I1I-5: COMBINING IMATINIB MESYLATE WITH DCS PULSED WITH 

TUMOR-DERIVED CRCL IS CURATIVE IN A HIGH PERCENTAGE OF MICE 

WITH 12B1 TUMORS.... 93 



12 

LIST OF FIGURES - continued 

FIGURE III-6: IMATINIB MESYLATE AND DC/CRCL COMBINATION 

THERAPY STIMULATE IFN-y SECRETION AND CTL ACTIVITY 95 

FIGURE IV-1: STRESSED APOPTOTIC TUMOR CELLS EXPRESS MEMBRANE 

HSPS ...112 

FIGURE IV-2: NON-STRESSED AND STRESSED APOPTOTIC 12B1-D1 CELLS 

ARE TAKEN UP BY DC 113 

FIGURE IV-3: STRESSED APOPTOTIC 12B1-D1 CELLS UP-REGULATE THE 

EXPRESSION OF MHC CLASS II AND CO-STIMULATORY MOLECULES ON 

DCS... 116 

FIGURE IV-4; (A) STRESSED APOPTOTIC 12B1-D1 CELLS INDUCE IL-12 

SECRETION BY DC. (B) STRESSED APOPTOTIC 12B1-D1 CELLS INCREASE DC 

CAPACITY TO STIMULATE ALLOGENEIC SPLENOCYTE PROLIFERATION 

118 

FIGURE IV-5: IMMUNIZATION OF STRESSED APOPTOTIC 12B1-D1 CELLS 

INDUCE IFN-y , IL-2 SECRETION BY SPLENOCYTES AND T-CELL 

PROLIFERATION 119 

FIGURE IV-6: IMMUNIZATION OF STRESSED APOPTOTIC 12B1-D1 CELLS 

INDUCE TUMOR SPECIFIC CTL .122 



13 

LIST OF FIGURES FOR APPENDIX 

FIGURE Al l: THE ADJUVANT EFFECTS OF LIVER-DERIVED CRCL, HSP70, 

OR LPS IN ENHANCING THE IMMUNOGENICITY OF AP20187-INDUCED 

APOPTOTIC 12B1-D1 CELLS. 147 

FIGURE AI-2: APOPTOSIS INDUCTION OF I2B1-D1 CELLS BY MIT-C 

TREATMENT.... .149 

FIGURE AI-3; BOTH LIVER-DERIVED AND 12B1 TUMOR-DERIVED CRCL 

ENHANCE THE IMMUNOGENICITY OF MIT-C-INDUCED APOPTOTIC TUMOR 

CELLS ....150 

FIGURE AI-4: CRCL ADJUVANT PLUS APOPTOTIC TUMOR CELLS PROVIDE 

THERAPEUTIC EFFECTS IN A PRE-ESTABLISHED TUMOR MODEL.. 152 

FIGURE AI-5: CRCL ADJUVANT EFFECTS ARE T CELL DEPENDENT 153 

FIGURE AI-6: IMMUNIZATION WITH APOPTOTIC 12BI-D1 CELLS PLUS CRCL 

ADJUVANT INDUCES IL-2 AND IFN-y SECRETION AND T-CELL 

PROLIFERATON OF SPLENOCYTES 156 

FIGURE AI-7: IMMUNIZATION WITH APOPTOTIC 12B1-D1 CELLS PLUS CRCL 

ADJUVANT INDUCES TUMOR-SPECIFIC CTLS 160 

FIGURE AI-8: VACCINATION WITH APOPTOTIC 12B1-D1 CELLS PLUS CRCL 

ADJUVANT INDUCES LONG TERM, SPECIFIC ANTITUMOR 

IMMUNITY.. 162 



14 

LIST OF FIGURES FOR APPENDIX-continued 

FIGURE AII-1: SDS-PAGE (TOP PANELS) AND WESTERN BLOT (BOTTOM 

PANELS) ANALYSES OF TUMOR LYSATE PROTEINS SEPARATED BY FREE-

SOLUTION-ISOELECTRIC FOCUSING (FS-IEF) TO YIELD CHAPERONE-RICH 

CELL LYSATES (CRCL) 181 

FIGURE AIl-2: ELISPOT ASSAYS FOR INTERFERON y RELEASE FROM 

SPLENOCYTES (SC) OF VACCINATED MICE RE-STIMULATED WITH 

CHAPERONE-PULSED DENDRITIC CELLS (DC) 183 

FIGURE AII-3: PROPHYLATIC VACCINATIONS AGASINST 12B1 LEUKEMIA 

(A AND C) OR B16-0VA (B AND D) USING TUMOR-DERIVED CHAPERONE 

PROTEINS ..186 

FIGURE AII-4: IMMUNOTHERAPY OF PRE-ESTABLISHED 12B1 LEUKEMIA 

(A AND D) AND B16-0VA MELANOMA (B AND E) AND B16 MELANOMA (C) 

WITH TUMOR-DERIVED CRCL 188 

FIGURE AlI-5: : IMMUNOTHERAPY OF PRE-ESTABLISHED SA-1 (A); A20 (B); 

AND ADL-2 (C) TUMORS WITH TUMOR-DERIVED CRCL. 189 

FIGURE AII-6: CHAPERONE PULSED-DENDRITIC CELL VACCINATION 

AGAINST PRE-ESTABLISHED 12B1 TUMOR, AND TUMOR RE-CHALLENGE.... 

191 



15 

ABSTRACT 

Chronic myelogenous leukemia (CML) is a clonal disorder characterized by proliferation 

of cells expressing BCR-ABL fusion proteins. The BCR-ABL fusion proteins are tumor-

specific antigens and represent reasonable targets for immunologic approaches against 

CML. 

We have utilized a free-solution-isoelectric focusing technique (FS-IEF) to obtain 

chaperone rich cell lysates (CRCL) from tumors. We found that CRCL derived from 

12B1, an aggressive bcr-abt murine tumor activated dendritic cells (DCs) by 

upregulatjing CD40 and MHC-II on their cell surface and stimulating them to produce 

interleukin-12 (IL-12). Vaccination of mice with 12B1 CRCL pulsed DCs generated 

potent, tumor specific, long lasting, CD4"^ and CD8'^ T cell dependent immune responses. 

We have further demonstrated that immunization with 12B1 CRCL induced BCR-ABL 

specific cytotoxic T lymphocytes, indicating that BCR-ABL peptides are chaperoned by 

CRCL and are cross-presented to CD8"^ T cells. Moreover, other antigenic peptides may 

also be present in the antigen repertoire of CRCL and contribute to the superior 

immimogenicity of 12B1-derived CRCL. 

To better optimize immunity against CML, we investigated the effects of combining 

imatinib mesylate with 12B1 CRCL. Imatinib mesylate specifically inhibits BCR-ABL 



kinase activity and has been very successful in treating patients with CML. However, the 

development of drug resistance has led to drag combination approaches. We have shown 

that the combination of imatinib with DCs loaded with 12B1 -derived CRCL yielded 

potent anti-tumor activity. 

In addition to tumor-derived heat shock proteins, we have also studied the 

immunogcnicity of apoptotic leukemic cells. We have previously reported that 

vaccination of mice with stressed apoptotic leukemic cells elicited potent anti-tumor 

immunity. We have found that stressed apoptotic leukemic cells, compared with non-

stressed apoptotic ones, have higher capacity to upregulate CD40, CD80, and CD86 on 

the surface of DCs, to stimulate DCs to secrete IL-I2, and to enhance their 

immunostimulatory functions in a mixed lymphocyte reaction (MLR). These findings 

demonstrate that apoptotic tumor cells can be immunogenic when stressed, and that DCs 

play a key role in determining whether a T cell response will be generated. 
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INTRODUCTION 

Part 1: Optimizing immunity against CML by using chaperone protein based 

vaccines and targeted drug therapy. 

Chronic myelogenous leukemia (CML) is a clonal myelopro 1 iferative disorder genetically 

characterized by the presence of cells that carry the Philadelphia (Ph) chromosome (1). 

The Ph chromosome results from a reciprocal translocation between chromosomes 9 and 

22— t(9;22)(q34;qil)—leading to the fusion of the breakpoint cluster region (bcr) on 

chromosome 22 with the Abclson (abl) oncogene on chromosome 9 (2). This fusion 

results in the production of one of two chimeric 210kD proteins (b^aa or b3a2 breakpoints, 

although other breakpoints are possible) with tyrosine kinase activities that are necessary 

and sufficient for transformation. The BCR-ABL fusion proteins are tumor-specific 

antigens and represent reasonable targets for immunologic approaches as well as targeted 

drug therapies against CML. 

The role of T cells in eradicating leukemic cells has been well demonstrated for CML (3-

6). By screening large numbers of fusion peptides from the junctional sequences of 

BCR-ABL, several BCR-ABL derived fusion protein amino acid sequences with 

appropriate anchor motifs for binding to class I and 11 human leukocyte antigen (HLA) 

molecules have been identified (7), (8). Synthetic BCR-ABL chimeric peptides can bind 

to certain HLA alleles on antigen-presenting cells (APC) and the cytotoxic T 
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lymphocytes (CTL) thus generated can lyse targets that have been pre-incubated with 

these peptides (9). 

Of the available drag therapies against CML (e.g., hydroxyurea, busulfan, interferon-a), 

only imatinib mesylate (STI571, Glivec, or Gleevec™) specifically targets the p210 

BCR-ABL proteins. Although imatinib can achieve remissions, allogeneic stem cell 

transplantation (SCT) remains the only curative therapy for CML (10). 

Developing more effective anti-cancer vaccines has been one of the major goals of cancer 

immimotherapy. Purified tumor derived heat shock proteins (HSP) also called chaperone 

proteins, such as heat-shock protein 70 and 90 (HSP70 and 90), GRP94/gp96, and 

calreticulin (CRT) have shown promise as vaccines, capable of generating tumor specific 

T cell responses and protective anti-tumor immunity in numerous animal models (11-16). 

These studies have indicated that it is not the chaperone proteins per se but rather the 

tumor antigen repertoire (i.e., peptides) carried by the chaperones, which is 

immunogenic. In the normal cellular environment, chaperone proteins perform their 

intracellular functions as multi-protein complexes consisting of chaperones, co-

chaperones, substrate molecules, etc. Vaccination studies have demonstrated that when 

purified away from their normal cellular environment, individual chaperone proteins 

retain significant immunogenic activity. However, a remaining question has been 

whether or not multi-chaperone/co-chaperone vaccines would be more effective than 

single-component HSP vaccines. 



To address this question, we have utilized a free-solution isoelectric focusing (FS-IEF) 

technique to obtain chaperone rich cell lysate (CRCL) fractions from clarified tumor 

homogenates. Using this method we were able to obtain much higher quantities of 

immunogenic material in a timely fashion. CRCL contains chaperone proteins carrying a 

broad repertoire of antigenic peptides, which may offer significant advantages over 

individual antigenic peptide vaccines. In our previous studies, we have shown that 

vaccines prepared from chaperone-rich fractions were capable of providing protective 

immunity in mice against tumor challenge in an A20 B-cell leukemia model (17). To 

explore the effectiveness of CRCL as a vaccine in other tumor models, to improve on its 

efficacy, to study its potency in a pre-existing tumor setting, as well as to examine its 

effects on DCs, we enriched for chaperone proteins by FS-IEF from 12B1, a hcr-ahl 

positive murine leukemia. We found that vaccination of mice with 12B1-derived CRCL 

provided significant protection against lethal subcutaneous challenge with autologous 

tumor. CRCL enhanced co-stimulatory molecule expression, interleukin-2 (IL-2) 

production and inimmunostimulatory function of DCs in vitro. Vaccination with DCs 

loaded with CRCL provided a superior protective effect when compared to tumor lysate 

or HSP70 pulsed DCs. The T cell immunity elicited by CRCL loaded DCs was tumor 

specific and long lasting. Moreover, CRCL loaded DCs can be used effectively to treat 

mice with pre-existing tumors. Our findings indicate that 12B1-derived FS-IEF enriched 

CRCL is capable of both efficient antigen delivery and of DC activation resulting in 

generation of potent anti-tumor immunity. 
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We further studied the mechanisms behind the potency of CRCL vaccines. Since 

chaperone proteins have been demonstrated to bind endogenous peptides (18-20), BCR-

ABL derived fusion peptides are likely to be components of the antigen repertoire of 

12B1 tumor derived CRCL. We further reasoned that, BCR-ABL peptides, which have 

been shown to be able to bind MHC-I and MHC-II molecules (7), (8), are able to be 

processed and re-presented on MHC class I molecules to generate antigen-specific CTLs 

following uptake by DCs (7, 8, 21, 22). To test these hypotheses, we explored whether 

immunization of mice with DCs loaded with CRCL induced BCR-ABL specific immune 

responses in vivo. We found that splenocytes from mice immunized with DCs loaded 

with CRCL secreted interferon y (IFN-y) when re-stimulated with a BCR-ABL peptide, 

GFKQSSKAL, indicating that BCR-ABL peptides, either this specific 9 mer peptide, 

GFKQSSKAL, and / or its longer precursors, are chaperoned by 12B1 tumor derived 

CRCL. Splenocytes from mice immunized with CRCL secreted higher amounts of IFN-y 

upon re-stimulation with 12B1 derived CRCL when compared to re-stimulation with 

BCR-ABL peptide alone, this suggests that other antigenic peptides may also be present 

in the antigen repertoire of CRCL and contribute to the superior immunogenicity of 

CRCL. We have also shown that immunization with CRCL induced BCR-ABL specific 

CTLs in vivo, suggesting that BCR-ABL peptides chaperoned by 12B1 tumor derived 

CRCL are processed and cross-presented to CD8"^ T cells. Future studies will include the 

biochemical identification of BCR-ABL peptides, as well as other antigenic peptides in 

CRCL. 



The ideal scenario to optimize immunity against CML would be applying 

immunotherapy in a minimal residual disease state which may be achieved by 

chemotherapy. However, most chemotherapeutic drugs lead to myelosuppression, which 

compromises the effects of immunotherapy. Imatinib mesylate (STI571, Glivec, or 

Gleevec™), which specifically targets the p210 BCR-ABL proteins with only minimal 

suppression on bone marrow, brings light to the targeted treatment of CML. However, 

the remarkable record of imatinib mesylate against CML in chronic phase is tempered by 

its reduced effectiveness against the disease in the accelerated phase or during blastic 

transformation (23), (24), (25), or by the increasing number of cases where drug 

resistance develops (26), (27). These situations have led to drug combination approaches 

to augment the activity of imatinib via alternative targeting of either the p210 proteins or 

other important downstream signal transduction molecules (28), (29), (30), (31), (32). 

However, there have been few attempts to combine imatinib with immunotherapy (33), 

and there are no published reports on utilization of vaccine therapy in conjunction with 

imatinib cither in human trials or in animal models. Here, we have shown that the 

combination of imatinib with cellular vaccines of dendritic cells pulsed with 12B1-

derived CRCL yielded anti-12Bl specific T cells, and potent therapeutic anti-tumor 

activity resulting in tumor-free survival in a high percentage of tumor-bearing animals. 

This report suggests that immunotherapy may be effectively combined with targeted 

chemotherapy, in this case, imatinib mesylate, against bcr-abt leukemia. 



Part II: Optimizing immunity against CML by using apoptotic leukemic tumor cell 

based vaccines. 

The deficiency of the self/non-self paradigm has led to new hypotheses proposed by 

Janeway (34, 35) and Matzinger (36, 37) in which: the immune system is thought to 

respond to "danger" associated with infectious agents, with cell products released during 

tissue damage or with stress. According to this new paradigm, the occurrence of 

pathological or necrotic cell death in the organism is the 'danger signal' that initiates 

protective immune responses. In contrast to necrotic cell death, apoptosis is a 

physiological process, critical to development, tissue remodeling and cell turnover, and 

thought to be non-inflammatory and bland to the immune system, or even tolerogenic 

(38-40). The intact membrane and exposure of surface molecules to specific receptors on 

phagocytes seem to allow the safe disposition of undesirable cellular remains (41). This 

idea, however, has been challenged recently. Lopes and colleagues argued that 

phagocytosis of apoptotic cells plays a previously unrecognized role in regulating the 

nature of immune responses against pathogens (42). Restifo proposed that the apoptotic 

death after viral infection can trigger powerful innate and adaptive immune responses by 

activating caspase-1 as well as the double-stranded-RNA-dependent protein kinase 

pathway and the RNaseL pathway (43). Recent studies have documented that apoptotic 

cells induced by pathogens elicit potent immune responses (44-46). These immune 

responses are associated with the induction of type I cytokines, such as IFN-y (44), and 

the generation of specific CTLs (46). 
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It is well accepted that APCs can efficiently acquire antigens from apoptotic tumor cells 

and present them to T cells (40, 47-49). The immunological consequences of this remain 

controversial (42, 43). Macrophages and DCs phagocytose apoptotic tumor cells through 

a receptor mediated pathway (47-49), tumor antigens can then gain access to the 

cytoplasm and be cross presented on the APCs MHC class I molecules (40, 47). Reports 

addressing the immunological consequences following engulfinent of apoptotic cells by 

DCs have been highly contradictory (46, 47, 50-52). In vitro studies have demonstrated 

measurable cellular responses induced by apoptotic cells. However, a potent immune 

response was seldom generated in vivo (53-56). When immature DCs endocytose 

apoptotic bodies they are not stimulated to mature, and consequently may present their 

processed antigens in the absence of adequate co-stimulation thereby inducing tolerance 

(53, 56, 57). 

Tumor derived HSPs, when used as vaccines, can induce protective immunity against 

their tumors of origin (58). Several mechanisms have been proposed to explain how 

these HSP complexes, which carry tumor derived peptides as part of their chaperoning 

functions, can elicit immune responses (59-61). One possible hypothesis is that 

chaperone complexes not only supply antigens to the immune system but also danger 

signals (59-61). These adjuvant effects/danger signals activate APCs such as DCs 

leading to more efficient processing and presentation of HSP chaperoned peptides (62, 

63). 
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We have reported that vaccination of mice with heat-stressed autologous apoptotic 

leukemic tumor cells induced anti-tumor immunity that significantly retarded tumor 

progression when compared to vaccination with non-stressed apoptotic cells. (64) 

Moreover, we have found that stressed apoptotic tumor cells were effective immunogens 

when loaded onto syngeneic DC. (64) Using this artificial but useful model, we have 

further explored the mechanisms behind this and demonstrated that stressed apoptotic 

cells had striking effects on DC, such as upregulating co-stimulatory molecules on their 

surface and stimulating the production of the proinflammatory cytokine IL-12. 

Moreover, DC stimulated by stressed apoptotic tumor cells (and not by non-stressed 

ones) had substantial enhancement of immunostiniulatory function in mixed leukocyte 

reaction. Furthermore, we have found that vaccination with stressed apoptotic tumor 

cells induced more prominent lL-2 and IFN-y secretion by murine splenocytes and 

generation of tumor-specific CTLs with high lytic activity. In summary, we have 

documented that stress can enhance the immunogenicity of cells undergoing apoptosis, 

and that DC play a key role in determining whether a T cell response will be generated. 
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CHAPTER I: TUMOR-DERIVED, CHAPERONE RICH CELL 

LYSATES ACTIVATE DENDRITIC CELLS AND ELICIT POTENT 

ANTI-TUMOR IMMUNITY 

Yi Zeng, Hanping Feng, Michael W. Graner, Emmanuel Katsanis 

1.1 ABSTRACT 

We have utilized a free-solution-isoelectric focusing technique (FS-IEF) to obtain 

chaperonc rich cell lysate (CRCL) fractions from clarified tumor homogenates and have 

previously reported on their vaccinating potential. To better understand the underlying 

mechanisms as well as to improve on the immunizing efficacy of tumor-derived 

chaperone complexes, in the present study we examined the effects of CRCL loaded 

dendritic cells (DCs) against 12B1, an aggressive bcr-ahl positive murine leukemia 

tumor. We found that DCs incubated with 12B1-derived CRCL had higher expression of 

CD40 and MHC-II on their cell surface, produced more interleukin-12 (IL-12) and had 

superior immunostimulalory capacity in mixed leukocyte reactions (MLR) when 

compared to DCs exposed to unfractionated tumor lysate or purified heat shock protein 

70 (HSP70). Vaccination of mice with 12B1 CRCL pulsed DCs significantly prolonged 

their survival with over 80% mice rejecting their tumors following a lethal challenge with 

live 12B1 as compared to those immunized with tumor lysate or HSP70 loaded DCs. The 

protective immunity generated was tumor specific, long lasting, and both CD4^ and CD8^ 

T cell dependent. Moreover, immunization with CRCL loaded DCs resulted in a 75% 
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cure rate in mice with pre-existing 12B1 tumors. Our findings indicate that CRCL has 

prominent adjuvant effects and are a very effective source of tumor antigen for pulsing 

DCs. FS-IEF-derived CRCL pulsed DCs is a promising anti-cancer vaccine that warrants 

clinical research and development. 

1.2 INTRODUCTION 

Developing more effective anti-cancer vaccines has been one of the major goals of cancer 

immunotherapy. Purified tumor-derived chaperone proteins such as heat-shock protein 

70 and 90 (HSP7Q and 90), GRP94/gp96, and calreticulin (CRT) have shown promise as 

vaccines, capable of generating tumor specific T cell responses and protective anti-tumor 

immunity in numerous animal models (11-16). These studies have indicated that it is not 

the chaperone proteins per se but rather the tumor antigen repertoire (i.e., peptides) 

carried by the chaperones, which is immunogenic. In the normal cellular environment, 

chaperone proteins perform their intracellular functions as multi-protein complexes 

consisting of chaperones, co-chaperones, substrate molecules, etc. Vaccination studies 

have demonstrated that when purified away from their normal cellular environment, 

individual chaperone proteins retain effective anti-tumor activity. However, a remaining 

question has been whether or not multi-chaperone/co-chaperone vaccines would be more 

effective than single-component HSP vaccines. 

To address this question, we have utilized a free-solution isoelectric focusing (FS-IEF) 

technique to obtain chaperone rich cell lysate (CRCL) fractions from clarified tumor 
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homogenates. Using this method we were able to obtain much higher quantities of 

immunogenic material in a timely fashion. CRCL contains chaperone proteins carrying a 

broad repertoire of antigenic peptides, which may offer significant advantages over 

individual antigenic peptide vaccines. In our previous studies, we have shown that 

vaccines prepared from chaperone-rich fractions were capable of providing protective 

immunity in mice against tumor challenge in an A20 B-cell leukemia model (17). To 

explore the effectiveness of CRCL as a vaccine in other tumor models, to improve on its 

efficacy, to study its potency in a pre-existing tumor setting, as well as to examine its 

effects on DCs, we enriched for chaperone proteins by FS-IEF from 12B1, a bcr-abl 

positive murine leukemia. We foimd that vaccination of mice with 12B1-derived CRCL 

provided significant protection against lethal subcutaneous challenge with autologous 

tumor. CRCL enhanced co-stimulatory molecule expression, IL-2 production and 

immmunostimulatory function of DCs in vitro. Vaccination with DCs loaded with CRCL 

provided a superior protective effect when compared to tumor lysate or HSP70 pulsed 

DCs. The T cell immunity elicited by CRCL loaded DCs was tumor specific and long 

lasting. Moreover, CRCL loaded DCs can be used effectively to treat mice with pre­

existing tumors. Our findings indicate that 12B1-derived FS-IEF enriched CRCL is 

capable of both efficient antigen delivery and of DC activation resulting in generation of 

potent anti-tumor immunity. 

1.3 MATERIALS AND METHODS 
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Ber-aM-positive leukemia cell line: 12B1 is a murine leukemia cell line derived by 

retroviral transformation of BALB/c bone marrow cells with the human bcr-abl (b3a2) 

fusion gene, and these cells express the p210 bcr-abl protein. This is an aggressive 

leukemia, with the 100% lethal dose (LDioo) being 10^ cells after tail vein injection and 

10^ cells after subcutaneous injection. The 12B1 cell line was kindly provided by Dr. 

Wei Chen (Cleveland Clinic, Cleveland, OH). The cell line was tested monthly and 

found to be free of Mycoplasma contamination. 

Mice: Six- to lO-week-old female BALB/c (H2'') mice (Harlan Sprague Dawley, 

Indianapolis, IN) were used for the experiments. The animals were housed in a dedicated 

pathogen-free facility and cared for according to the University of Arizona Institutional 

Animal Care and Use Committee guidelines. 

Tumor generation: All tissue/cell culture reagents were purchased from Gibco/BRL 

(Gaithcrsburg, MD). 12B1 cells were cultured at 37 °C and in 5% CO2 in RPMI medium 

containing 10% heat-inactivated fetal calf serum and supplemented with 2 mM 

glutamine, 100 U/ml penicillin, 100 |ig/ml streptomycin sulfate, 0.025 |ig/ml 

amphotericin B, 0.5 x minimal essential medium non-essential amino acids, 1 mM 

sodium pyruvate, and 50 |iM 2-mercaptoethanol. Cells were prepared for injection by 

washing and resuspending in Hanks' balanced salt solution. The cells were counted and 

adjusted to a concentration of 25 x 10^ cells/ml. Female BALB/c mice were injected with 
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0.2 ml (5 X 10^ cells) subcutaneously in both flanks and were monitored for tumor 

development. Tumors greater than 1 cm in diameter were harvested from euthanized 

mice. In vivo passaging of tumors involved harvesting and mincing the tumor to produce 

a cell suspension. The cell suspension was filtered through a Nitex screen to remove 

debris and centrifuged. The cell pellet was resuspended, washed, counted, and injected 

into mice. 

FS-IEF for chaperone enrichment and conventional purification of HSP70: Tumor 

tissue grown in vivo was harvested from mice and homogenized at 4 °C in a motor-driven 

glass/Teflon homogenizer; the buffer was 10 mM Tris/Cl (pH 7.4)/ 10 mM NaCl, 0.1% 

Triton X-100/0.1% Triton X-114/ 0.1% Igepal CA-630 (equivalent to Nonidet P-40; all 

detergents were from Sigma Chemical, St Louis, MO), with the following protease 

inhibitors (Roche Molecular Biochemicals, Indianopolis, IN): leupeptin (2 ng/ml), 

pepstatin A (I ng/ml), phenylmenthylsulfonyl fluoride (0.5 mM) and a Complete 

protease inhibitor cocktail tablet. This buffer was chosen for its low ionic strength and 

ability to solubilize membranes. The homogenate was centrifuged at 10,000 x g for 30 

min at 4°C to obtain a "low-speed" supernatant. That supernatant was centrifuged at 

100,000 X g for 60 min at 4°C to obtain a "high speed" supernatant. This was then 

dialyzed against 5 mM Tris/Cl (pH 7.4)/ 5 mM NaCl, 0.05% Triton X-100/0.05% Triton 

X-114/0.05% Igepal CA-630. Protein concentration of this dialysate was determined by 

BCA (bicinchoninic acid) method (Pierce Endogen, Rockford, IL) using bovine serum 



albumin as a standard. This dialysate was frozen in aliquots containing 25 mg of total 

protein. To generate vaccine one aliquot was filtered through a 0.8 (im filter and 

prepared for isoelectric focusing by adding urea to 6 M, the detergents Triton X-100, 

Triton X-114, and Igepal each to 0.05%, and a mixture of Rotolytes (Bio Rad 

Laboratories, Hercules, CA) 5 ml each solution A and B for each pH range: pH 3.9-5.6; 

4.5-6.1; and 5.1-6.8) to a total volume of around 40-50 ml. FS-IEF was carried out in a 

Rotofor device (Bio Rad Laboratories). Isoelectric focusing was conducted for 5 h at 15 

W constant power while the apparatus was cooled with recirculating water at 4 °C; the 

anode compartment contained 0.1 M H3PO4, while the cathode compartment contained 

0.1 M NaOH. Twenty fractions were harvested; the pH of each fraction was determined 

with a standard pH meter, and the protein content was analyzed by sodium 

dodecylsulfate/polyacrylamide gel electrophoresis (SDS-FAGE) and Western blotting as 

previously described (13). SDS-PAGE and Western blot results indicated that following 

FS-IEF, several fractions ranging from pH 5.1 to pH 6.0 contained HSP70, HSP90, 

GRP94/gp96, and CRT within them. Fractions selected to be pooled for vaccines were 

those that contained all four of the above HSPs. FS-IEF utilizes small amounts of 

starting material to yield relatively large amounts of tumor-derived chaperone proteins. 

In general, Ig of tumor can yield 1000 jjg CRCL vaccine while from the same amount of 

tumor, only 30-50 [ig of individual chaperone protein such as HSF70 can be generated 

using conventional purification strategies. Purification of 12B1 HSP70 was done via 

conventional and nucleotide-affinity chromatography as previously described (13). 



Endotoxin level of the CRCL is lower than 0.01 EU/|ag of CRCL as examined by 

Limulus Amebocyte Lysate (LAL) assay (QCL-1000, BioWhittaker, Walkersville, MD). 

Preparation of chaperone-enriched vaccines: Fractions from FS-IEF that contained 

substantial amounts of four chaperone proteins (HSP70, HSP90, GRP94/gp96, and 

calreticulin), as determined by SDS-PAGE and Western blotting, were pooled and 

dialyzed stepwise out of urea and detergents (starting in 0.1 x phosphate-buffered saline 

(PBS), 4 M urea, and 0.025% detergents, ending with 0.1 x PBS). Pooled fractions were 

then concentrated using Centricon devices and reconstituted in PBS. Vaccines were then 

passed onto an Extraeti-gel D column (Pierce Endogen) to remove detergent. Protein 

concentrations were determined by the BCA method and the concentrated proteins were 

diluted to appropriate concentration for in vivo and in vitro experiments. 

Immunodepletion of chaperone proteins: Chaperone proteins were removed from 

CRCL by immunopreciptiation with antibodies specific for HSP/HSC70, HSP90, 

GRP94/gp96, and calreticulin (CRT). The primary antibodies used were: anti-HSC70 

(HSP73), mouse Mab clone 1B5 (SPA-815, Stressgen Biotechnologies, Victoria, British 

Columbia); anti-HSP70 (HSP72)/HSC70, mouse Mab clone N27F3-4 (SPA-820, 

Stressgen); anti-HSP90, rat Mab clone 2D 12 (SPA-845, Stressgen), and mouse Mab 303 

(MA3-011, Affinity BioReagents Inc., Golden, CO); anti-GRP94, rat Mab clone 9G10 

(SPA-850, Stressgen), and a rabbit polyclonal sera specific for GRP94 (a gracious gift 



from Dr. Chris Nicchitta, Duke University, Durham NC); rabbit polyclonal anti-CRT 

antibodies from Afffinity BioReagents (PA3-900) and from Stressgen (SPA-600). 

Antibodies were incubated with CRCL overnight at dilutions of 1:200-1:500. Antibodies 

were precipitated with ImmunoPure immobilized recombinant Protein A (Pierce 

Endogen); bridging antibodies (rabbit anti-mouse IgG + IgM and rabbit anti-rat IgG + 

IgM, Jackson ImmunoResearch, West Grove, PA) were added at 1:200 dilution as 

necessary. Depletion of chaperone proteins was confirmed by lack of reactivity with 

specific antibodies for chaperones by Western blotting. Control depletions consisted of 

incubations with normal mouse serum and normal rabbit serum, followed by the 

precipitation steps. 

Generation of bone marrow-derived DCs; BALB/c mouse bone marrow DCs were 

generated using a slightly modified protocol from that described previously (65). Bone 

marrow was harvested from femurs and tibiae and filtered through a Falcon 100 |im 

nylon cell strainer (Becton Dickinson Labware, Franklin Lakes, NJ). Red blood cells 

were lysed in a hypotonic buffer and the marrow was cultured in complete RPMI medium 

(therapeutic grade; Gibco BRL, Gaithersburg, MD), which contains 10% fetal calf serum, 

L-glutamine, human serum albumin, 50 |ig/ml streptomycin sulfate, and 10 ng/ml 

gentamicin sulfate. Murine granulocyte-macrophage colony-stimulating factor (GM-

CSF) (10 ng/ml; Peprotech, Rocky Hill, NJ) and interleukin (IL)-4 (10 ng/ml) were added 

to the culture. After 6 days, the nonadherent and loosely adherent cells were harvested, 



washed and used for in vivo and in vitro experiments. Less than 10% of these cells were 

contaminated by macrophages (CD14"^ cells). 

Flow cytometry." DCs were washed in PBS containing 2% heat-inactivated fetal bovine 

serum and 0.1% sodium azide (Sigma Chemical). A total of 2 x 10^ cells were placed in 

each well of 96-well U-bottom microtiter plates. Surface expression of specific antigens 

was determined by incubating the cells first with an Fc-receptor-blocking antibody 

(Pharmingen, San Diego, CA.) for 5 minutes and then with saturating amounts of 

monoclonal antibodies (Pharmingen) for 30 minutes at 4°C. Antibodies used included 

purified fluorescein isothiocyanate (FITC) conjugated anti-I-A'^ (clone AMS-32.1, mouse 

IgG2b), anti-CD80 (clone 16-lOAl, hamster IgG), anti-CD86 (clone GLl, rat IgG2a), 

anti-CD40 (clone HM40-3, hamster IgM ) and purified phycoerythrin (PE) conjugated 

anti-CD 1 Ic (clone HL3, hamster IgG). After a 30 minute incubation the cells were then 

washed 3 times in PBS containing 2% heat-inactivated fetal bovine serum and 0.1% 

sodium azide and fixed with PBS containing 1% paraformaldehyde (Poiysciences, 

Warrington, PA). Ten thousand cells were analyzed using a FACScan (Becton Dickinson 

Immunocytometry, San Jose, CA) 

Mixed leukocyte reaction (MLR): Day 6 BALB/c (H2*^) DCs were incubated with 50 

)ig/ml 12B1-derived lysate, HSP70, or FS-IEF enriched CRCL in the presence of 10 

ng/ml murine GM-CSF and IL-4 for 24 hours. DCs were collected, treated with 50 fjg/ml 



Mitomycin C (Sigma Chemical) for 20 minutes, then washed three times with PBS. 

Splenocytes (10^ per well) from naive C57BL/6 (H2'') mice were plated in U-bottom 96 

well plates. DCs were serially diluted and incubated with splenocytes with the ratio of 

splenocytes to DCs ranging from 1:1 to 27:1. After a four day co-culture, 20 |il of 50 

mCi/ml [^H] thymidine (ICN Pharmaceuticals) was added to each well. The cells were 

harvested 18 hr later using a 96-well Packard cell harvester and the radioactivity 

measured on a Packard beta counter. 

ELISPOT Assays: ELISFOT assays were performed to measure the IL-12 secretion by 

DCs. Between 10^ to 10^ day 6 DCs were cultured with 50 jag/ml 12B1-derived lysate, 

HSP70 or CRCL in the presence of 10 ng/ml GM-CSF and IL-4 for 24 hours on 

Millipore MultiScreen-HA 96 well plates (MAHA S45, Millipore, Bedford, MA). The 

plates had been previously coated overnight with anti-IL-12 capture antibody (10 |.ig / ml, 

clone 9A5, rat Mab anti-mouse lL-12 (p70), BD PharMingen). DCs were then washed 

out with copious amounts of PBST (PBS + 0.05% Tween 20). Biotinylated anti-IL-12 

antibody (2 fxg / ml, clone CI7.8, rat Mab anti-mouse lL-12 (p40/p70), BD PharMingen) 

was added for two hours. Free antibody was washed out, and the plates were incubated 

with horseradish peroxidase (HRP)-linked avidin (ABC Elite reagent, 1 drop each of 

Reagent A and Reagent B per 10 ml PBS, Vector Laboratories, Burlingame, CA) for 1 

hour, following extensive washing with PBST, and then washing with PBS. Spots were 

visualized by the addition of the HRP substrate 3-amino-9-ethylcarbazole (AEC, Sigma 



Chemical) prepared in acetate buffer (pH 5.0) with 0.015% hydrogen peroxide. Spots 

were examined using a dissecting microscope. Wells of interest were photographed with 

a microscope-mountcd Cool SNAP CCD camera (RS Photometries, Tucson AZ), and 

images captured with RS Image, Version 1.07 (Roper Scientific, Tucson, AZ). The 

image of each well was electronically optimized to visualize the maximum number of 

spots. ELISPOT assays were also performed to measure interferon-gamma (IFN-y) 

secretion from splenocytcs from mice primed by vaccination with DC pulsed with CRCL 

or pulsed with chaperone-immunodepleted CRCL. Splenocytes were harvested and red 

blood cells were lysed in hypotonic buffer. One million splenocytes/well were plated as 

described for DC above, those cells were restimulated with CRCL or chaperone-

immunodepleted CRCL. The rest of the procedure was as described above, except that 

the capture antibody was rat Mab anti-mouse IFN-y, clone R4-6A2 (BD PharMingen) and 

the detection antibody was biotinylated rat Mab anti-mouse IFN-y antibody (clone 

XMG1.2, BD PharMingen). 

In vivo tumor growth experiments: In the prophylactic model, mice were immunized 

with indicated vaccines (20 jig/mouse per vaccination) by subcutaneous injection into the 

left groin on days -14 and -7. On day 0, mice were challenged with 10^ (LDioo) viable 

12B1 cells obtained from one single in vivo passage. For dosage escalation studies, 5, 10, 

20, and 50 jig/mouse were used for each vaccination. In experiments with DCs, DCs 

were incubated with 50 jig/ml of the indicated vaccines in the presence of 10 ng/ml 

murine GM-CSF and IL-4 for 24 hours, then the DCs were washed with PBS three times. 



and resuspended in PBS followed by s.c. injection into mice. To exclude potential 

HSP70 or CRCL toxicity on DCs, day 6 DCs were plated in 96-well flat-bottom plates 

(50,000 cells/well) in the presence of increasing concentrations of 12B1 tumor derived 

HSP70 or CRCL (0-100 ^ig/ml) for 24 hours. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide, stock solution 5 mg/ml, Sigma] at 10 jil per well was added 

for an additional 4 hours. The supernatant was aspirated and the formazan crystals were 

solubilized in dimethylsulfoxide, followed by determination of optical densities at 560 

nm and 690 nm using a microtiter plate reader. A total of 5 x 10^ DCs were injected per 

mouse subcutaneously on days -14 and -7. In T cell depletion experiments, CD4'^, CDS"^, 

or both T cell populations were depleted by i.p. injection of 200 |ig anti-CD4 (GK1.5) 

(66) and/or anti-CD8 (2.43) (67) antibodies on days -3, -1, +1, and +3. Tumor size was 

measured every other day with calipers once the tumors became palpable. Tumor volume 

was calculatcd using the formula: length x width^ x 71/6. Differences in mean tumor 

volume between groups were compared using an unpaired t test. In other experiments the 

Kaplan-Meier product-limit method was used to plot the time to tumor appearance and 

the log-rank statistic to test differences between groups (68, 69). Mice with tumor were 

euthanized at the end point listed. Tumor free mice were kept for rechallenge 

experiments. In rechallenge experiments, 10^ live 12B1 (LDioo) cells were injected into 

the right groin 80 to 125 days after the first challenge, whereas 10^ A20 leukemia cells 

(LDioo) were injected into the left groin. 
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In our pre-existing tumor model, mice were injected with 10 viable 12B1 cells in 

the right groin on day 0. On day +2, mice were vaccinated as indicated by subcutaneous 

injection into the left groin. Tumor volume was measured at indicated time points. 

Statistic analysis: For all analyses unless otherwise indicated, student t tests were 

performed using Excel software. In some cases, the Kaplan-Meier product-limit method 

was used to plot the time to tumor appearance and the log-rank statistic to test differences 

between groups using Prism software (GraphPad, San Diego, CA). P value of <0.05 was 

considered to indicate significant differences between data sets. 

1.4 RESULTS 

Immunization with 12B1 tumor derived CRCL provides tumor specific immunity 

against autologous tumor challenge. Dose escalation experiments were performed in 

order to determine the optimal amount of 12B1 CRCL needed to immunize the animals. 

BALB/c mice received 5, 10, 20, or 50 fig of CRCL subcutaneously on days -14 and -7, 

and were challenged on the opposite side with an LDioo dose of 12B1 cells on day 0. 

Tumor volume measurements demonstrated that immunization of mice with 20 jag of 

12B1 derived CRCL provided optimal protection against tumor challenge (Figure 1). 

This vaccine dose was consistent with our previous studies using other tumor models(17). 
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Figure I-l. Effect of CRCL immunizing dose on mean tumor volume of 
challenged mice. BALB/c mice (n-4/group) were immunized with increasing 
quantities (5-50 )j,g) of 12B1 -derived CRCL, or with saline on days -14 and -7, 
and were challenged in the opposite groin with 12B1 leukemia cells on day 0. 
Tumors were measured and volumes calculated once tumors were palpable. Mean 
tumor volumes for days 17-23 are shown. 20|ig vs PBS: /?<0.05; 20|ig vs 5p.g; 
p<0.05; 20|ag vs 10|.ig: /kO.05; 50|ig vs PBS: /?<0.05; 50|.ig vs 5fig: p<0.05; 50|.ig 
vs lOfig: /7<0.05. 

To demonstrate the specificity of chaperone protein-stimulated immune responses, mice 

were vaccinated with CRCL isolated from A20 B-cell leukemia/lymphoma or 12B1 bcr-

abt leukemia. A20-derived CRCL did not generate protection against 12B1 challenge 

confirming that the immunity elicited is tumor specific (Figure 2A). Additionally, 

immunization of animals with tumor lysate generated no protection (Figure 2A) as was 
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demonstrated previously for A20 B-cell leukemia (17). These data indicate that 

unfractionated 12B1 tumor lysate itself is not an effective immunogen, and that the 

CRCL enrichment is necessary to enhance its immunogenicity. 
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Figure 1-2. (A) Immunization with 12Bl-derived CRCL provides specificity 
protection against 12B1 tumor challenge. BALB/c mice were immunized with 
20 jig 12B1- or A 20 tumor-derived CRCL, on days -14 and -7 followed by 
challenge with 10^ 12B1 cells (LDioo) in the opposite groin day 0. (saline versus 
CRCL (12B1), p <0.05 from day 15 onward; n=l 1-24 mice per group). (B) 
Immunization with purified HSP70 or CRCL from 12B1 tumor delays 
tumor growth. Mice were immunized with 20 \xg I2B1 tumor derived HSP70 
or CRCL or unfractionated lysate on days -14 and -7 followed by challenge 
with 12B1 cells (10^) in the opposite groin on day 0. (saline versus HSP70 or 
CRCL, p <0.05 from day 15 onward; n=8 mice per group). 

Purified tumor derived HSP70 has been reported to be an effective vaccine (12, 16). 

Tumor derived CRCL contains HSP70 and at least three other of the reported 

immunogenic chaperones (17). To compare the immunogenicity of purified 12B1 HSP70 



to that of CRCL, mice were immunized with 20 p.g of purified HSP70 or CRCL. The 

protective effects of HSP70 and CRCL were comparable with both preparations 

significantly delaying 12B1 tumor growth (Figure 2B). 

DCs pulsed with CRCL have increased MHC class II and costimulatory molecule 

expression, lL-12 production and immunostimiilatory capacity in vitro. Since DCs 

have been reported to express receptors for exogenous HSPs (70) and since they are 

being used as antigen presenting cells (APCs) in clinical vaccine trials, wc examined the 

effect of tumor derived chapcrone proteins on bone marrow derived DCs. Day 6 DCs 

were cultured with 12B1 -derived CRCL or unfractionated tumor lysate or purified 

HSP70 for 24 hours. About 80% of these DCs are CD 11 c^ as assessed by flow cytometry 

(data not shown). The mean fluorescence intensity (MFI) of CD40, 80, 86, and MHC-II 

on CDl Ic" gated cells was further determined. Tumor derived CRCL had only a modest 

effect on CD80 and CD86 induction (Figure 3A). However, CRCL preparations 

significantly increased expression of CD40 and MHC class II on DCs. 

We also evaluated lL-12 secretion by DCs after stimulation with tumor-derived lysate, 

HSP70 or CRCL. Day 6 bone marrow derived DCs were cultured with 50 jig/ml 12B1 

lysate, HSP70 or CRCL in the presence of 10 ng/ml GM-CSF and IL-4 for 24 hours. 

Compared to lysate and HSP70, CRCL stimulated DCs clearly had more pronounced IL-

12 production as assessed by ELISPOT (Figure 3B). 
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We then examined the effect of 1281-derived CRCL on DC immunostimulatory function 

in a mixed leukocyte reaction in vitro. BALB/c DCs were cultured with 50 |j,g/ml 12B1 

HSP70, or CRCL, or tumor lysate for 24 hr. The DCs were treated with 50 j^g/ml 

Mitomycin C for 20 minutes, then washed and added at different concentrations to plates 

containing 10 viable C57BL/6 splenocytes per well and co-cultured for 4 days. [ H]-

thymidine was added to the plates and the cells co-cultured for additional 18 hours. DCs 

exposed to 12B1 CRCL were more potent stimulators of allogeneic responses in these 

mixed leukocyte reactions. (Figure 3C). 

DCs pulsed with 12B1 tumor derived CRCL induce potent T cell dependent anti­

tumor immune responses. Given the in vitro stimulatory activities of CRCL on DCs, in 

vivo experiments exploring whether the immunizing effects of CRCL may be augmented 

by DCs were then conducted. Using MTT assays we first evaluated whether increasing 

concentrations of 12B1 CRCL or HSP70 or unfractionated lysate impaired DC viability. 

No changes in DC viability were observed with up to 100 fig/ml of tumor-derived 

proteins (data not shown). Day 6 immature bone marrow derived DCs were then 

incubated with 50 }ag/ml of 12B1-derived CRCL or the same concentration of purified 

12B1 HSP70 or unfractionated 12B1 tumor lysate for 24 hours. The DCs were washed 

and resuspended in PBS and then injected to mice subcutaneously (5 x 10^ per mouse). 

Immunization with 12B1 CRCL pulsed DCs significantly inhibited tumor growth with 



42 

over 80% of mice remaining tumor free (Figure 4). This compares favorably to 

vaccination with 12B1 CRCL without DCs resulting in rejection rates of 50% (data not 

shown). DC pulsed with HSP70 were less effective albeit also significantly better than 

DCs alone with about 30% protection (Figure 4). This was similar to the protection 

achieved with purified HSF70 without DCs (data not shown). Vaccination of mice with 

12B1 iysate pulsed DCs had only a minimal protective effect (Figure 4). These data 

indicate that while tumor derived HSP70 or CRCL vaccines yield comparable protective 

immunity, this can be augmented by ex vivo pulsing of DCs only in the case of CRCL. 

These findings suggest that tumor derived CRCL may have better capacity to activate 

DCs compared to unfractionated tumor lysate or purified HSPs and correlate well with 

our in vitro DC studies (Figure 4). We infer that chaperone proteins in CRCL are in part 

responsible for its vaccination potential from immunodepletion studies of CRCL. 

Chaperone proteins GRP94/gp96, HSP90, HSP70, and CRT were immunoprecipitated 

from tumor-derived CRCL; the depleted vaccine was pulsed onto DCs, which were then 

used to vaccinate mice as above. ELI SPOT assays were performed using "full" CRCL in 

the re-stimulation phase. Vaccination with DCs pulsed with depleted CRCL resulted in 

an approximately 50% reduction in the intcrferon-y output from those splenocytes 

compared to splenocytes from mice vaccinated and re-stimulated with non-depleted 

CRCL. 
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Figure 1-3. (A) 12B1 derived chaperone proteins stimulate DCs to express MHC class II and 
co-stimulatory molecules. Day 6 bone marrow-derived DCs, grown in GM-CSF and IL-4, were 
exposed to 50 (.ig/ml 12B1 HSP70, CRCL, or unfraclionated lysate, for 24 hours, harvested and 
analyzed by flow cytometry for expression of the cell surface markers indicated. Mean 
fluorescence intensity (MFI) of CD40, 80, 86, and MHC-II on CDl Ic"" gated non-treated DCs was 
considered as 1. The numbers in the ordinate represent the fold increase in MFI of treated DCs 
when compared to non treated DCs. Means and SEM from three experiments are shown. (B) DCs 
pulsed with CRCL have increased lL-12 production. ELISPOT assays were performed to 
measure IL-12 production by DCs. 3x10' DCs (day 6 of culture) were cultured with 50 [ig/ml 
12B1 -derived lysate, HSP70 or CRCL in the presence of 10 ng/ml GM-CSF and IL-4 for 24 hours. 
(DC+CRCL or DC+HSF70 versus DC or DC+lysate: p< 0.05; DC+CRCL versus DC or 
DC+HSP70; p< 0.05, representative data from three experiments are shown). (C) 12B1 derived 
CRCL increases DC capacity to stimulate allogeneic splenocyte proliferation. DCs were 
culturcd as in materials and methods, harvested, treated with Mitomycin C and washed. 
Splenocytes from C57BL6 mice were added (10^ per well) and cultured with indicated ratio of 
pretreated BALB/c DCs for 4 days, f H]- thymidine was added and the cells cultured for additional 
18 hours before the incorporated radioactivity was counted. (DC+CRCL versus DC, DC+lysate or 
DC+HSP70: p< 0.05, representative data from two experiments are shown). 
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Figure 1-4. Immunization with DCs pulsed with 12B1 derived CRCL 
provides significant protection to 12B1 tumor challenge. DCs were 
incubated with 50 ng/ml of 12B1 derived CRCL or the same concentration of 
purified HSP70 or unfractionated lysate protein for 24 hours. DCs (5x10^) 
were injected s.c. into the groin on days -14 and -7 and the mice were 
challenged with 1281 cells (10^) in the opposite groin on day 0 (saline versus 

DC, ns; DC versus DC+lysate, ns; DC versus DC+HSP70, p <0.05; DC 
versus DC+CRCL, p <0.0001; DC+HSP70 versus DC+CRCL, p <0.005; 
pooled data from two experiments, n=12 to 16 mice per group) 

To define the roles of CD4^ and CD8"^ T cells in the protective immunity induced by 

CRCL loaded DC, mice were depleted of CD4^', CD8^ or both T cell populations. 

Immunity was partially abrogated when either CD4^ or CD8^ T cells were depleted. 

Complete loss of protection was observed in mice that were depleted of both T cell 

populations indicating that CD4^ and CDS" T cells contribute to the anti-tumor immunity 

generated by CRCL loaded DCs (Figure 5). 
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Figure 1-5. Anti-tumor immunity induced by DCs pulsed with 12B1-
derived CRCL is both CD4^ and CD8^ T-cell-dependent. On days -14 
and -7, mice were immunized s.c. with DCs (5x10^) that had been pre-
incubated with 50 |ig/ml of 12B1 derived CRCL for 24 hours. Groups of 
mice were injected i.p with 200|ig of anti-CD4 and/or anti-CD8 antibodies on 
days -3, -1, +1, and +3. On day 0, mice were challenged with 12B1 cells 
(10^) in the opposite groin (saline versus CD4 and CDS depletion, ns; CRCL 
versus CD4 and CDS depletion, p< 0.05; n=4 mice per group, representative 
data from one of two experiments) 

Eighty to 125 days after initial tumor challenge, surviving and naive mice, of the same 

ages as controls, were rechallenged with live 12B1 cells (10^; LDioo) in the right groin 

and A20 cells (10®; LDioo) in the left. Surviving mice from the group vaccinated with 

DCs pulsed with CRCL had retarded 12B1 growth, with 6/11 (55%) mice rejecting the 

rechallenge of 12B1. The group that received 12B1 CRCL vaccine (without DCs) also 
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had delayed tumor growth, albeit less impressive than that achieved with DC+CRCL, 

with 1 in 4 rejecting their 12B1 rechallenge. In contrast, all naive mice developed 12B1 

tumors (Figure 6). Moreover, all of the immune and naive mice that were challenged 

with A20 leukemia cells in the opposite groin developed tumors with similar growth 

rates, confirming the specificity of the anti-tumor response generated by 12B1 CRCL 

immunizations (Figure 6). 
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Figure 1-6. DCs pulsed with 12B1-derived CRCL Induce a lone term tumor-
specific immune response. (A) 11 or 18 weeks after initial challenge, naiVe mice 
(n=3) or surviving mice (n=4 for CRCL, 11 for DC pulsed with CRCL) were 
rechallenged with 10^ live 12B1 cells. Tumor volume was monitored. (B) The same 
mice were challenged with 10® A20 cells in the right groin. 
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CRCL pulsed BCs are effective therapeutic vaccines. To examine the potency of 

CRCL loaded DC vaccine in a pre-existing tumor setting, we first induced 12B1 tumor 

followed by a single subcutaneous immunization with chaperone-pulsed DCs. 

Specifically BALB/c mice received a lethal dose (LDioo) of 12B1 s.c. on day 0 and were 

immunized in the opposite groin on day +2 with DCs (5 x 10^ per mouse) pulsed with 

HSP70 or CRCL. The group receiving HSP70 loaded DCs showed a delay in tumor 

growth when compared to saline controls but this was not significantly different from 

mice receiving unpulsed DCs. However, CRCL loaded DCs significantly delayed tumor 
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Figure 1-7. DCs pulsed with 12B1 derived CRCL are effective therapeutic 
vaccines in tumor bearing mice. DCs were incubated with 50 jig/ml of 12B1 
derived CRCL or the same concentration of purified HSP70 for 24 hours. Mice were 
injected with 12B1 cells (10^) s.c. in the right groin on day 0 and injected with CRCL 
or HSP70 loaded DCs (5x10^) in the opposite groin on day 2 (DC versus DC+HSP70, 
ns; DC versus DC+CRCL, <0.05; DC+HSP70 versus DC+CRCL,/; <0.005; pooled 
data from two experiments, n=8-16 mice per group). 



development when compared to all other groups. Moreover, this therapeutic vaccine 

resulted in eradication of tumor growth in 12/16 (75%) of the mice (Figure 7). 

1.5 DISCUSSION 

Chaperone proteins are the most abundant soluble intracellular molecules. Under 

physiological conditions, their ability to stimulate immune responses is not expected, 

since the immune system normally does not attack self. However, when presented to 

cells extracellularly, HSPs or chaperone proteins may act as danger signals alerting the 

immune system to tissue injury (71-73). Individual chaperone proteins, such as HSP70 

and GRP94/gp96 have been shown to deliver partial maturation signals to DCs and to 

stimulate pro-inflammatory cytokine expression thus inducing Thl-type immune 

responses (74-78). Stress proteins are known to perform their intracellular functions as 

multi-protein complexes consisting of chaperones, co-chaperones, and substrate 

molecules. In our previous studies, we have demonstrated that chaperone proteins within 

the CRCL separate in complexes (17), and therefore may more accurately re-create 

danger signals, consequently activating APCs more efficiently than individual purified 

chaperone proteins. 

DCs are professional APCs, known to be critical activators of T cell responses. Pulsing 

DCs with tumor antigens, such as peptides, tumor lysate, or apoptotic tumor cells has 

been demonstrated to generate tumor specific protective immunity (64, 79, 80). In the 
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present study, we show that immunization with DCs pulsed with 12B1 derived CRCL 

significantly delays or prevents tumor growth in vivo, indicating that CRCL associated 

peptides are presented by DCs. Although the mechanisms are not completely clear, an 

increasing body of data suggests that DCs take up chaperone-peptide complexes through 

specific receptors and re-present the peptides on MHC-I molecules (81-85). Recently, 

receptors for HSP70 and GRP94/gp96 have been identified (70, 86, 87). Tumor derived 

CRCL is made up of multiple chaperone proteins; therefore additional potential 

chaperone receptors on the surface of APCs may be involved in the endocytosis of these 

complexes. Following uptake the chaperone protein-escorted peptides are processed and 

re-presented on MHC molecules generating antigen-specific T cell responses. In addition 

to HSP70, HSP90, GRP94/gp96, and CRT, other chaperone protein members are also 

present in the CRCL fractions, such as BiP/grp 78, grp75, small amounts of HSP72, HSP 

40, and other unidentified proteins (17). We have preliminary data to indicate that 

immunodcpletion of GRP94/gp96, HSP90, HSP70, and calreticulin from CRCL 

reduces—but does not completely abrogate—the effectiveness of CRCL-pulsed DCs to 

stimulate T cells (as assayed by IFN-y release). It is therefore possible that other proteins 

in the CRCL may contribute to the superior immunogenicity demonstrated in these 

studies. Identifying the role of each of these proteins is critical and may help in the 

discovery of additional immunogenic chaperone proteins. 

Tumor lysate has been used as a source of antigen for loading DCs in preclinical and 

clinical studies (88, 89). In the 1281 model and in the numerous other tumor models we 
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have studied, such as A20 lymphoma (17), B16 melanoma, N2A neuroblastoma, Sal 

fibrosarcoma, and 4T1 mammary carcinoma ((90); Graner, unpublished observations), 

tumor lysate did not stimulate a measurable immune response when used alone, while 

some protection was achieved when lysates were loaded onto DCs. Moreover, when 

incubated with DCs, unfractionated tumor lysate did not change the DC phenotype or 

enhance their immunostimulatory function in an MLR. Subtle differences in the 

preparation of lysate and DC may contribute to the differential outcomes between our 

studies and those of others. This lack of protective immunity with unfractionated tumor 

lysate may be due to the presence of immunosuppressive factors in the lysate and/or to 

insufficient concentration of chaperone proteins and the peptides they carry (Graner et al., 

manuscript in preparation). In contrast to lysate and consistent with our previous study 

(17), CRCL are very immunogenic indicating that the FS-IEF step is essential to enhance 

the immunogenicity of tumor lysate preparations. 

Since it has been reported that HSPs may share some common pathways with LPS (62) it 

is important to exclude the possibility that the immunogenic protection of CRCL is due to 

LPS contamination. Endotoxin level of CRCL is less than 0.01 EU/)ig as examined by 

Limulus Amebocyte Lysate assay. Moreover, A20 lymphoma derived CRCL, which are 

prepared by the same method in parallel with 12B1 leukemia CRCL, showed no 

protection when mice were challenged with 12B1 tumor (Figure 2A). Furthermore, other 

studies in our laboratory (91) demonstrated that CRCL from normal mouse tissues 

provided danger signals to apoptotic tumor cells and elicited anti-tumor immunity. 



However, the immunoprotection was not evident when mice were immunized with liver 

CRCL alone, indicating that liver CRCL per se are not immunogenic. These data support 

that the immunizing effects of 12BI CRCL were not the result of LPS contamination. 

It has been shown by a variety of studies that the immunogenicity of tumor derived 

chaperones results from the antigenic peptides escorted by the chaperone proteins (15, 16, 

92, 93). We have recently utilized ELISPOT assays in which mice were vaccinated with 

either DCs pulsed with 12B1-derived CRCL, or pulsed with a specific BCR-ABL 

peptide. Re-stimulation of either group's splenocytes with either 12B1 CRCL or BCR-

ABL peptide resulted in substantial IFN-y release, thus immunologically indicating that a 

specific BCR-ABL peptide is a component of the peptide antigen repertoire of 12B1-

derived CRCL. This has also been similarly demonstrated by specific CTL assays where 

splenocytes from mice primed with either 12B1 CRCL or BCR-ABL peptide were able to 

lyse cells "coated" either with CRCL or with the BCR-ABL peptide (Zeng et a!., 

manuscript in preparation). If different chaperone proteins preferentially escort distinct 

peptides, CRCL may have a broader antigenic repertoire and therefore more tumor 

specific epitopes than those escorted by individual chaperone proteins, such as HSP70. 

We have also examined the immunogenicity of individual CRCL fractions (of those that 

are pooled to constitute the vaccine) by comparing fractions, distinct in overall protein 

profile but still containing four of the known immunogenic chaperones HSP70, HSP90, 

GRP94/gp96, and CRT. We found that these fractions had comparable activity in 

prolonging survival of mice (17). Importantly, irrelevant FS-IEF fractions (i.e., 
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containing little or no detectable chaperone proteins) provided no protective benefit. 

Thus, the protective effect of CRCL vaccination is not an artifact of the isoelectric 

focusing procedure. Given the limitations of preparing tumor vaccines from autologous 

tumor in the clinical setting, FS-IEF is a relatively simple, rapid, and efficient procedure 

allowing one to obtain 30-50 times as much vaccinating material fi-om the same quantity 

of tumor as with conventionally purified HSPs. This vaccinating material includes the 

four major immunogenic chaperones as well as other chaperone and non-chaperone 

proteins many of which remain unidentified. 

Using the A20 B-cell leukemia model, we reported that HSP70 preparations induced 

more potent tumor specific immunity than any of the other known immunogenic 

chaperones isolated from the same tumor (13). In this study, we directly compared the 

immunogenicity of 12B1 CRCL to that of purified HSP70. We found that CRCL alone 

provided equivalent protection against tumor challenge when compared with 12B1 

HSP70 immunizations. However, when these chaperones where incubated with DCs and 

utilized as a cellular vaccine, CRCL-pulsed DCs showed distinctly better anti-tumor 

immunity than HSP70-pulsed DCs in both a prophylactic and therapeutic setting. This 

suggests that CRCL may deliver additional signals important in activation of DCs and/or 

provide additional tumor specific peptides to these APCs. Since 12B1 is a very 

aggressive tumor, with an LDioo of 10^ cells by subcutaneous injection, achieving cures in 

a pre-established tumor setting by CRCL loaded DCs attests to the effectiveness of this 

approach. 
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In conclusion, the present study demonstrates that when compared to purified HSP70 or 

unfractionated lysate, CRCL has superior ability to activate/mature DCs and is able to 

induce potent, long lasting and tumor specific T-cell-mediated immunity. The FS-IEF 

technique for enriching for multiple chaperones from tumor lysate is relatively easy and 

rapid, yielding sufficient immunogenic material for clinical use. CRCL in combination 

with DCs may provide a practical and effective strategy for the development of a 

clinically useful anti-cancer vaccine. 
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CHAPTER II: IMMUNIZATION WITH BCR-ABL POSITIVE 

TUMOR-DERIVED, CHAPERONE RICH CELL LYSATES ELICITS 

BCR-ABL SPECIFIC IMMUNITY 

Yi Zeng, Michael W. Graner, Emmanuel Katsanis 

2.1 ABSTRACT 

We have previously reported that chaperone rich cell lysates (CRCL) derived from bcr-

abl positive 12B1 tumor activate dendritic cells (DC) and stimulate tumor specific T cell 

mediated immune responses. However, whether the generated cytotoxic T lymphocytes 

(CTLs) were BCR-ABL specific had not been elucidated. In this study, we tested 

whether immunization of mice with DCs loaded with 12B1-derived CRCL induced BCR-

ABL specific immune responses in vivo. We found that splenocytes from mice 

immunized with DCs loaded with 12B1 -derived CRCL secreted interferon y (IFN-y) 

when re-stimulated with a BCR-ABL peptide, GFKQSSKAL, indicating that BCR-ABL 

peptides are chaperoned by 12B1 tumor derived CRCL. Splenocytes from mice 

immunized with CRCL secreted higher amounts of IFN-y upon re-stimulation with 12B1 

derived CRCL when compared to re-stimulation with BCR-ABL peptide alone. This 

suggests that other antigenic peptides may also be present in the antigen repertoire of 

CRCL and contribute to its superior immunogenicity. We have also shown that 

immunization with CRCL induced BCR-ABL specific cytotoxic T lymphocytes (CTLs) 



in vivo, suggesting that BCR-ABL peptides chaperoned by 12Bi-derived CRCL are 

processed and cross-presented to CD8^ T cells. 

2.2 INTRODUCTION 

We have previously demonstrated that multiple chaperone proteins generated by a free-

solution iso-electric focusing (FS-IEF) elicit potent anti-tumor immunity (90, 94), (17). 

We refer to this vaccine as chaperone rich cell ly sates (CRCL) and found that 12B1 

tumor-derived CRCL activated dendritic cells (DC) and stimulated tumor specific T cell 

mediated-immune responses (94). However, the mechanisms behind the potency of 

CRCL vaccines need to be further elucidated. 

We have shown that CRCL contain four major immunogenic chaperone proteins, HSP70, 

HSP90, gp96 and calreticulin. We further described CRCL as contains large, multi­

member entities wherein chaperones co-separate in high molecular weight fractions 

despite dissociative conditions used in size exclusion chromatography (17). Since 

chaperone proteins carry various endogenous peptides, we reasoned that tumor-derived 

CRCL may chaperone antigenic peptides. However, due to the isofocusing conditions 

used in the vaccine generation (i.e., 6 M urea), one may argue that the peptide repertoire 

of CRCL would be lost. To study if CRCL contains tumor specific anitgens, we 

generated CRCL from 12B1, a bcr-abl positive murine leukemia. The p210 BCR-ABL 

chimeric protein is expressed only on leukemic cells and could serve as a true tumor-

specific antigen. We theorized that CRCL obtained from 12B1 tumor was likely to 
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chaperone BCR-ABL derived fusion peptides. We further hypothesized that DC could 

cross-present BCR-ABL fusion peptides to T cells and induce specific immune responses 

in vivo. 

2.3 MATERIALS AND METHODS 

Peptides: Synthetic BCR-ABL chimeric peptide, GFKQSSKAL, and control peptide, 

HYLSTQSALSK, were purchased from Sigma-Genosys (Sigma-Genosys, The 

Woodlands, TX). The 11-mer HYLSTQSALSK peptide is processed by DC and the 

resulting 9-mer HYLSTQSAL is predicted to bind with high affinity to (95). 

ficr-aM-positive leukemia cell line: 12B1 is a murine leukemia cell line derived by 

retroviral transformation of BALB/c bone marrow cells with the human bcr-abl (b3a2) 

fusion gene, and these cells express the p210 BCR-ABL protein. This is an aggressive 

leukemia, with the 100% lethal dose (LDioo) being 10^ cells after tail vein injection and 

10^ cells after subcutaneous injection. The 12B1 cell line was kindly provided by Dr. 

Wei Chen (Cleveland Clinic, Cleveland, OH). The cell line was tested monthly and 

found to be free of Mycoplasma contamination. 

Mice: Six- to 10-week-old female BALB/c (H2'^) mice (Harlan Sprague Dawley, 

Indianapolis, IN) were used for the experiments. The animals were housed in a dedicated 



pathogen-free facility and cared for according to the University of Arizona Institutional 

Animal Care and Use Committee guidelines. 

Tumor generation: All tissue/cell culture reagents were purchased from Gibco/BRL 

(Gaithersburg, MD). 12B1 cells were cultured at 37 °C and in 5% CO2 in RPMI medium 

containing 10% heat-inactivated fetal calf serum and supplemented with 2 mM 

glutamine, 100 U/ml penicillin, 100 jig/ml streptomycin sulfate, 0.025 jig/ml 

amphotericin B, 0.5 x minimal essential medium non-essential amino acids, 1 mM 

sodium pyruvate, and 50 jiM 2-mercaptoethanol. Cells were prepared for injection by 

washing and resuspending in Hanks' balanced salt solution. The cells were coimted and 

adjusted to a concentration of 25 x 10^ cells/ml. Female BALB/c mice were injected with 

0.2 ml (5 X 10^ cells) subcutaneously in both flanks and were monitored for tumor 

development. Tumors greater than 1 cm in diameter were harvested from euthanized 

mice. In vivo passaging of tumors involved harvesting and mincing the tumor to produce 

a cell suspension. The cell suspension was filtered through a Nitex screen to remove 

debris and centrifuged. The cell pellet was resuspended, washed, counted, and injected 

into mice. 

FS-IEF for generation of chaperone rich cell lysates (CRCL); Tumor tissue grown in 

vivo was harvested from mice and homogenized at 4 °C in a motor-driven glass/Teflon 

homogenizer; the buffer was 10 mM Tris/Cl (pH 7.4)/ 10 mM NaCl, 0.1% Triton X-



100/0.1% Triton X-114/ 0.1% Igepal CA-630 (equivalent to Nonidet P-40; all detergents 

were from Sigma Chemical, St Louis, MO), with the following protease inhibitors 

(Roche Molecular Biochemicals, Indianopolis, IN); leupeptin (2 }ig/ml), pepstatin A (1 

jig/ml), phenylmenthylsulfonyl fluoride (0.5 mM) and a Complete protease inhibitor 

cocktail tablet. This buffer was chosen for its low ionic strength and ability to solubilize 

membranes. The homogenate was centrifuged at 10,000 x g for 30 min at 4°C to obtain a 

"low-speed" supernatant. That supernatant was centrifuged at 100,000 x g for 60 min at 

4°C to obtain a "high speed" supernatant. This was then dialyzed against 5 mM Tris/Cl 

(pH 7.4)/ 5 mM NaCl, 0.05% Triton X-100/0.05% Triton X-114/0.05% Igepal CA-630. 

Protein concentration of this dialysate was determined by BCA (bicinchoninic acid) 

method (Pierce Endogen, Rockford, IL) using bovine scrum albumin as a standard. This 

dialysate was frozen in aliquots containing 25 mg of total protein. To generate vaccine 

one aliquot was filtered through a 0.8 |im filter and prepared for isoelectric focusing by 

adding urea to 6 M, the detergents Triton X-100, Triton X-114, and Igepal each to 0.05%, 

and a mixture of Rotolytes (Bio Rad Laboratories, Hercules, CA) 5 ml each solution A 

and B for each pH range: pH 3.9-5.6; 4.5-6.1; and 5.1-6.8) to a total volume of around 

40-50 ml. FS-IEF was carried out in a Rotofor device (Bio Rad Laboratories). 

Isoelectric focusing was conducted for 5 h at 15 W constant power while the apparatus 

was cooled with recirculating water at 4 °C; the anode compartment contained 0.1 M 

H3PO4, while the cathode compartment contained 0.1 M NaOH. Twenty fractions were 

harvested; the pH of each fraction was determined with a standard pH meter, and the 

protein content was analyzed by sodium dodecylsulfate/polyacrylamide gel 



electrophoresis (SDS-PAGE) and Western blotting as previously described(13). SDS-

PAGE and Western blot results indicated that following FS-IEF, several fractions ranging 

from pH 5.1 to pH 6.0 contained HSP70, HSP90, GRP94/gp96, and CRT within them. 

Fractions selected to be pooled for vaccines were those that contained all four of the 

above HSPs. Endotoxin level of the CRCL is lower than 0.01 EU/p,g of CRCL as 

examined by Limulus Amebocyte Lysate (LAL) assay (QCL-1000, BioWhittaker, 

Walkersville, MD). 

Preparation of chaperone-enriched vaccines: Fractions from FS-IEF that contained 

substantial amounts of four chaperone proteins (HSP70, HSP90, GRP94/gp96, and 

calreticulin), as determined by SDS-PAGE and Western blotting, were pooled and 

dialyzed stepwise out of urea and detergents (starting in 0.1 x phosphate-buffered saline 

(PBS), 4 M urea, and 0.025% detergents, ending with 0.1 x PBS). Pooled fractions were 

then concentrated using Centricon devices and reconstituted in PBS. Vaccines were then 

passed onto an Extracti-gel D column (Pierce Endogen) to remove detergent. Protein 

concentrations were determined by the BCA method and the concentrated proteins were 

diluted to appropriate concentration for in vivo and in vitro experiments. 

Generation of bone marrow-derived DCs: BALB/c mouse bone marrow DCs were 

generated using a slightly modified protocol from that described previously (65). Bone 

marrow was harvested from femurs and tibiae and filtered through a Falcon 100 |im 
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nylon cell strainer (Becton Dickinson Labware, Franklin Lakes, NJ). Red blood cells 

were lysed in a hypotonic buffer and the marrow was cultured in complete RPMI medium 

(therapeutic grade; Gibco BRL, Gaithersburg, MD), which contains 10% fetal calf serum, 

L-glutamine, human serum albxmiin, 50 p.g/ml streptomycin sulfate, and 10 |ig/ml 

gentamicin sulfate. Murine granulocyte-macrophage colony-stimulating factor (GM-

CSF) (10 ng/ml; Peprotech, Rocky Hill, NJ) and interleukin (IL)-4 (10 ng/ml) were added 

to the culture. After 6 days, the nonadherent and loosely adherent cells were harvested, 

washed and used for in vivo and in vitro experiments. Less than 10% of these cells were 

contaminated by macrophages (CD 14^ cells). 

ELISPOT Assays: Enzyme-linked immunospot (ELISPOT) assays were performed to 

assess the interferon y (IFN-y) production of splenocytes from vaccinated mice following 

in vitro stimulation with 12B1 CRCL or peptides. 10^ splenocytes were cultured with 50 

|ig/ml 12B1 CRCL or 5|ig/ml peptides in the presence of 10 ng/ml GM-CSF and IL-4 for 

48 hours on Millipore MultiScreen-HA 96 well plates (MAHA S45, Millipore, Bedford, 

MA). The plates had been previously coated overnight with anti-IFN-y capture antibody 

(10 |ig/mL, clone R4-6A2, rat mAb antimouse IFN-y; BD Pharmingen, San Diego, CA). 

Cells were then washed out with copious amounts of PBST (PBS + 0.05% Tween 20). 

Biotinylated anti-IFN-y antibody (2 fxg/mL, clone XMG1.2, rat mAb antimouse IFN-y; 

BD Pharmingen) was added for two hours. Free antibody was washed out, and the plates 

were incubated with horseradish peroxidase (HRP)-linked avidin (ABC Elite reagent, 1 
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drop each of Reagent A and Reagent B per 10 ml PBS, Vector Laboratories, Burlingame, 

CA) for 1 hour, following extensive washing with PBST, and then washing with PBS. 

Spots were visualized by the addition of the HRP substrate 3-amino-9-ethylcarbazole 

(AEC, Sigma Chemical) prepared in acetate buffer (pH 5.0) with 0.015% hydrogen 

peroxide. Spots were examined using a dissecting microscope. Wells of interest were 

photographed with a microscope-mounted Cool SNAP CCD camera (RS Photometries, 

Tucson AZ), and images captured with RS Image, Version 1.07 (Roper Scientific, 

Tucson, AZ). The image of each well was electronically optimized to visualize the 

maximum number of spots. 

Cytotoxicity assay; BALB/c mice were immunized as indicated above. Seven days 

after the second immunization, splenocytes from the immunized mice were harvested. 

The in v/vo-primed splenocytes were cultured in complete RPMI for 6 days in the 

presence of 10 jj,g/ml 12B1 CRCL and 20 U/ml IL-2. Viable cells were then collected by 

Ficol density centrifugation and used as effector cells. Day 5 bone marrow-derived DCs 

were incubated with 5|ig/ml HYLSTQSALSK or GFKQSSKAL for 3 hours; 

altherniatively, DCs were co-cultured with 50|ig/ml 12B1 tumor derived CRCL 

overnight. Cells were collected and used as target cells. Stimulated effector cells were 

incubated with 2x10^ target cells at indicated ratios for 6 hours and cytolytic activity was 

measured by non-radioactive cytotoxicity assay (Promega, Madison, Wl) following the 

instructions provided. The percentage of cytotoxicity was determined according to the 

formula provided in the kit. 
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Immunoblotting: The absence of p2l0 BCR-ABL protein in the 12B1 CRCL was 

confirmed by Western blotting and compared to the 12B1 tumor lysates and tumor 

lysates from BCR-ABL negative murine B cell lymphoma, A20. Tumor lysates refer to 

the starting material of FS-IEF which were prepared as described above. An equivalent 

amount of protein was loaded onto the gel. Following SDS-PAGE, the gels were 

electroblotted to nitrocellulose using an Idea Scientific electroblotter (Minneapolis, MN). 

Gels were transferred in 25 mM Tris, 200 mM glycine, 20% methanol overnight at 60 V, 

stained with Ponceau Red and destained in TBST (50 mM Tris-Cl, 150 mM NaCl, 0.1 % 

Tween 20, pH 7.4). Blots were blocked in 3% non-fat dried milk in TBST for 20-60 min, 

followed by 3 X 5 min rinses in TBST. The protein of interest was identified using the 

monoclonal antibody to BCR (AB-2) clone #7C6 (Oncogene Research Products, 

Cambridge, MA). Primary antibody solutions were prepared in blocking solution, and 

blots were incubated in primary antibody for 1 hr at room temperature or 12 hr at 4° C, 

followed by 3 X 5 min rinses in TBST. Peroxidase conjugated goat anti mouse secondary 

antibody was applied for 1 hr at room temperature or 12 hr at 4° C followed by 

chemiluminescent detection (Super Signal, Pierce, Rockford, IL). 

In vivo tumor growth experiments: Mice were injected subcutaneously with 10"' viable 

12B1 cells in the right groin on day 0. DCs were pulsed with lOOjag/ml 

HYLSTQSALSK or GFKQSSKAL in the presence of 5)ig/ml P2-microglobulin 

(Accurate Chemical and Scientific Corporation, Westbury, NY) for 3 hours, or pulsed 

with 50|ig/ml 12B1 tumor derived CRCL overnight. DCs were then harvested, washed 



with PBS three times, and resuspended in PBS followed by s.c. injection into mice. On 

day 2, a total of 5 x 10^ DCs were injected per mouse subcutaneously into the left groin. 

As control, mice were injected with equal number of non-pulsed DCs. To exclude 

potential CRCL toxicity on DCs, day 6 DCs were plated in 96-well flat-bottom plates 

(50,000 cells/well) in the presence of increasing concentrations of 12B1 tumor derived 

HSP70 or CRCL (0-100 |ig/ml) for 24 hours. MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide], stock solution 5 mg/ml, Sigma) at 10 jil per well was 

added for an additional 4 hours. The supernatant was aspirated and the formazan crystals 

were solubilized in dimethylsulfoxide, followed by determination of optical densities at 

560 nm and 690 nm using a microliter plate reader. Tumor size was measured every 

other day with calipers once the tumors became palpable. Tumor volume was calculated 

using the formula: length x width^ x n!6. Differences in mean tumor volume between 

groups were compared using an unpaired t test. In other experiments the Kaplan-Meier 

product-limit method was used to plot the time to death and the log-rank statistic to test 

differences between groups (68, 69). Mice with tumor were euthanized at the end point 

listed. 

Statistic analysis: For all analyses unless otherwise indicated, student t tests were 

performed using Excel software. The Kaplan-Meier product-limit method was used to 

plot the time to mouse death and the log-rank statistic to test differences between groups 

using Prism software (GraphPad, San Diego, CA). P value of <0.05 was considered to 

indicate significant differences between data sets. 



2.4 RESULTS 

Immunization of mice with 12Bl-derived CRCL loaded DCs induces BCR-ABL 

specific IFN-y secretion. To immunologically detect the presence of BCR-ABL 

peptides in 12B1 CRCL, IFN-y secretion by splenocytes from immunized mice was 

measured by ELISPOT. Mice were immunized with DCs pulsed with either 12B1-

derived CRCL, or with a BCR-ABL peptide, GFKQSSKAL, on days -14 and -7. We 

found that m vitro re-stimulation of splenocytes with BCR-ABL peptide from mice 

primed with 12B1-derived CRCL resulted in substantial IFN-y release, although at a 

lower level when compared to re-stimulation with CRCL (Figure 1). These data indicate 

that the BCR-ABL peptides are immunologically prominent components of 12B1-derived 

CRCL, and contribute to the immunogenicity of CRCL. Moreover, the superior IFN-y 

sccretion following CRCL re-stimulation suggested that other components in CRCL may 

contribute to the immunogenicity of CRCL. Similarly, when splenocytes from mice 

immunized with BCR-ABL peptide loaded DCs were harvested and re-stimulated with 

either specific BCR-ABL peptide or with CRCL, there was substantial IFN-y release, 

with higher levels of IFN-y secretion by re-stimulation with the BCR-ABL peptide. 

Splenocytes from none of the groups secreted IFN-y when re-stimulated with an 

irrelevant peptide, HYLSTQSALSK, confirming the specificity of CRCL immunization 

(Figure 1). 
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Figure II-l. Immunization of mice with 12Bl-derived CRCL loaded DCs induces 
BCR-ABL specific IFN-y secretion. Mice were immunized with DCs (5x10^) 
loaded with 1281 -derived CRCL, or with a BCR-ABL peptide, GFKQSSKAL, or 
with an irrelevant peptide, HYLSTQSALSK, on days -14 and -7. For controls, mice 
were immunized with equal volume of PBS or equal number of empty DCs. On day 
0, splenocytes were collected, and re-stimulated with indicated peptide or CRCL for 
48 hours. IFN-y production was determined by ELISPOT assay. DC/CRCL vs PBS: 
p<0.05; DC/CRCL vs DC; /KO.05; DC/BCR-ABL vs PBS: /7<0.05; DC/BCR-ABL vs 
DC: /KO.05; CRCL vs HYLST:/kO.05: CRCL vs BCR-ABL: /7<0.05. 

Immunization of mice with 1281-derived CRCL loaded DCs induces BCR-ABL 

specific CTL activity. We further examined whether immunization of CRCL loaded 

DCs induced BCR-ABL specific CTL responses in vivo. Mice were immunized as 

described above. In vivo primed splenocytes were re-stimulated in vitro with CRCL for 6 

days. Viable cells were then collected by density centrifugation and used as effector 

cells. BCR-ABL peptide or CRCL loaded DCs served as target cells. For controls, 

irrelevant peptide was loaded onto DCs. Stimulated splenocytes from mice immunized 



with either DCs loaded with BCR-ABL peptide or with_CRCL displayed significant 

cytolytic activities against DCs pulsed with either BCR-ABL peptide or with CRCL 

(Figure 2). These results again indicate the presence of immunological active BCR-ABL 

peptides in CRCL and further suggest that BCR-ABL peptides are cross-presented to T 

cells by DCs. Splenocytes fi^om mice vaccinated with either saline or empty DC 

displayed no cytotoxicity against any of the target cells. In addition, no significant killing 

was observed against irrelevant peptide pulsed DCs (Figure 2), demonstrating the 

specificity of CRCL and BCR-ABL peptide immunization. 

Absence of BCR-ABL p210 protein in 1231 CRCL: To exclude the possibility that 

BCR-ABL specific IFN-y secretion or CTL activity of splenocytes from vaccinated mice 

was due to the presence of BCR-ABL protein in 12B1-derived CRCL preparation, 

Western Blotting was conducted. An antibody against c-ABL which recognizes the c-

terminal of ABL protein but not BCR-ABL fusion peptides was used. BCR-ABL protein 

was absent in 12B1 CRCL (Figure 3), but present in the 12BI lysate which was the 

starting material for FS-IEF. This confirms that the BCR-ABL specificity of 12B1-

derived CRCL immunization was not an artificial effect of BCR-ABL protein in CRCL. 
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Figure 1-2. Immunization of mice with 12Bl~derived CRCL loaded DCs induces 
BCR-ABL specific CTL activity. Mice were immunized as described in Materials 
and Methods. On dayO, splenocytes were harvested and cultured in the presence of 
10 jig/ml 12B1 CRCL and 20 U/ml of IL-2 for 6 days. Viable cells were then 
harvested by Ficol density centrifligation and used as effector cells. Day 5 bone 
marrow derived DCs were incubated with 5}j,g/ml of HYLSTQSALSK (A) or 
GFKQSSKAL peptide (B) for 3 hours; alternatively, DCs were co-cultured with 
50)ig/ml 12B1 tumor derived CRCL (C) overnight. Cells were then collected and 
used as target cells. Effector cells were tested for cytolytic activity against indicated 
target cells by non-radioactive cytotoxicity assay kit (representative data from 2 
experiments is shown). 



210 KD 

MW A20 CRCL 12B1 lysate 12B1 CRCL 

Figure 11-3. Absence of BCR-ABL p210 protein in 1281 CRCL. 12B1 tumor 
lysates and 12B1 CRCL were prepared and separated on SDS-PAGE, followed by 
transfer to nitrocellulose for Western Blotting. Presence of p210 BCR-ABL protein 
was probed using an antibody for c-ABL. A20-dcrived CRCL was served as a 
negative control. 

immunization of mice with 12Bl-derived CRCL loaded DCs provides superior 

therapeutic effects. BCR-ABL peptide based vaccine has been explored in a variety of 

clinical studies. Given the ability of immunization with DC pulsed with CRCL to induce 

BCR-ABL specific IFN-y secretion and CTL responses, in vivo experiments were then 

conducted to compare the efficacy of CRCL loaded DC with that of BCR-ABL peptide 

'J 
loaded DCs. Mice were inoculated subcutaneously with lethal dose of I2B1 cells (3x10 ) 

on day 0. Bone marrow derived DCs were incubated with 50 jig/ml of 12B1-derived 

CRCL for 24 hours or with 100 |ig/ml of GFKQSSKAL or HYLSTQSALSK peptide for 

3 hours. The DCs were washed and resuspended in PBS and mice were immunized 

subcutaneously with 5x10^ DCs per mouse on day 2. Immunization with CRCL loaded 

DCs significantly inhibited tumor development in mice when compared to all other 

groups (Figure 4A). This therapeutic vaccine resulted in eradication of tumor growth in 

60% of mice with the disease (Figure 4B). DC pulsed with BCR-ABL peptide were less 

effective albeit also significantly better than saline or DC pulsed with irrelevant peptide, 
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with about 20% mice remaining tumor free (Figure 4B). These findings suggest that 

12B1 tumor derived CRCL may offer an advantage as a source of tumor antigens for 

pulsing DCs when compared to a single BCR-ABL peptide. 
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Figure 11-4. Immunr/ation of mice with 12Bl-derived CRCL loaded DCs provides superior 
therapeutic effects. (A) BALB/c mice were injected with 3xlO' I2B1 cells subcutaneously in the 
right groin on day 0. On day 2, mice were immunized with 5xlO' DCs that had been loaded with 
12B1-derived CRCL or indicated peptides as mentioned in Materials and Methods. Tumor volume 
was measured and tumor growth curves as mean tumor volume of each group are shown (n=8-16 
mice per group, pooled data from 2 experiments are shown. PBS vs DC/CRCL. p< 0.05; PBS vs 
DC/BCR-ABL, p< 0.05; DC/HYLST vs DC/CRCL, p< 0.05: DC/HYLST vs DC/BCR-ABL, p< 
0.05; IX7CRCL vs DC/BCR-ABL, p< 0.05 ). (B) Survival of mice was monitored and displayed in 
the Kaplan-Meier plot (n=8-16 mice per group, pooled data from 2 experiments are shown. PBS vs 
DC/CRCL, p< 0.05; PBS vs DC/BCR-ABL, p< 0.05; DC/HYLST vs DC/CRCL, p< 0.05; 
DC/HYLST vs DC/BCR-ABL, j7< 0.05; DC/CRCL vs DC/BCR-ABL, p< 0.05). 



2.5 DISCUSSION 

We have previously demonstrated that immunization of mice with DCs loaded with 

CRCL elicits potent tumor specific immune responses in different tumor models (90, 94). 

Since chaperone proteins have been demonstrated to bind endogenous peptides (18-20), 

we reasoned that BCR-ABL derived fiision peptides are likely to be components of the 

antigenic repertoire of 12B1 tumor derived CRCL. To address this hypothesis, we tested 

whether immunization of mice with DCs loaded with CRCL induced BCR-ABL specific 

immune responses in vivo. We found that splenocytes from mice immunized with DCs 

loaded with 12B1-derived CRCL secreted large amounts of IFN-y when re-stimulated 

with a BCR-ABL peptide, GFKQSSKAL, indicating that BCR-ABL peptides, either this 

specific 9 mer peptide, GFKQSSKAL, and / or its longer precursors, are chaperoned by 

12B1 tumor derived CRCL. Very interestingly, we found that these splenocytes secreted 

higher amounts of IFN-y upon re-stimulation with 12B1-derived CRCL than that with 

BCR-ABL peptide. These findings were fiirther confirmed when splenocytes from mice 

immunized with BCR-ABL peptide loaded DCs secreted higher levels of IFN-y when re-

stimulated with 12B1-derived CRCL than that with BCR-ABL peptide. One reasonable 

explanation for the superior IFN-y production could be that other antigenic peptides are 

also chaperoned by CRCL. The potential candidate antigens chaperoned by CRCL may 

include Wilms tumor antigen (96), minor histocompatibility antigen (97, 98), protease 3 

(99), which have been documented to be potential CML tumor associated antigens. 

Experiments are ongoing in our lab to identify the antigenic components of CRCL 

chaperoned peptide repertoire. In addition to the broader antigenic spectrum, the 
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additional adjuvant effects of CRCL (94), (100), (101) may also contribute to the superior 

IFN-y production following vaccination with DCs pulsed with CRCL. 

DCs are professional APCs, known to be critical activators of T cell responses. Although 

the mechanisms are not completely clear, an increasing body of data suggests that DCs 

take up chaperone-peptide complexes through specific receptors and re-present the 

peptides on MHC class I molecules (81-85). Following uptake, the chaperone protein-

escorted peptides are processed and re-presented on MHC class I molecules to generate 

antigen-specific CTLs. BCR-ABL peptides, which are chaperoned by 12B1 CRCL as 

indicated above, have been previously reported to be able to bind MHC-I and MHC-II 

molecules following uptake by DCs. We therefore hypothesized that BCR-ABL peptides 

are cross-presented to MHC class I molecules for T cell priming. We found that 

splcnocytes from mice immunized with CRCL loaded DCs specifically lyscd BCR-ABL 

peptide coated DCs, but not irrelevant peptide coated DCs. Similarly, splenocytes from 

mice immunized with BCR-ABL peptide loaded DCs lysed CRCL coatcd DCs (Figure 

2). These findings clearly demonstrate that immunization of 12B1-derived CRCL induce 

BCR-ABL specific CTLs. They further indicate that DCs process CRCL chaperoned 

antigens and cross-present the escorted antigenic peptides, including the BCR-ABL 

peptides to T cells in vivo. 



We have immunologically confirmed that BCR-ABL peptides are present in 12B1-

derived CRCL and are cross-presented by DCs to generate BCR-ABL specific CTLs in 

vivo. The absence of BCR-ABL protein in CRCL as demonstrated by Western Blotting 

confirmed that the BCR-ABL specific immune responses induced by CRCL 

immunization were not due to adventitious vaccination with the p210 protein. 

The efficacy of BCR-ABL peptide based immunotherapy has been widely studied 

(102),(103). We have previously shown that immunization of mice with DCs loaded 

with the synthetic BCR-ABL chimeric nonapeptide, GFKQSSKA.L, generated BCR-ABL 

-specific CTL in vivo (80). The bcr-abl fusion gene is the primary mutation that leads to 

malignant transformation; however, secondary mutations often occur (104). Therefore, 

leukemic cells can easily escape immune responses generated by single peptide 

vaccination. In contrast, since CRCL may carry multiple antigenic peptides, 

immunization with CRCL may induce more potent immunity when compared to single 

peptide immunization. In addition, CRCL have been shown to activate DCs (94), and to 

enhance the immunogenicity of apoptotic tumor cells (100). With these adjuvant effects, 

CRCL are likely to confer superior immunogenicity compared to single peptide. We 

tested this concept by comparing the potency of immunization with DCs loaded with 

BCR-ABL peptide or with 12B1-derived CRCL. We showed that vaccination with DCs 

loaded with CRCL led to greater survival of mice following challenge with a lethal dose 

of 12B1 inoculation. 
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In conclusion, in the present study, using functional immunological assays, we have 

shown that BCR-ABL peptides are chaperoned by 12B1 tumor-derived CRCL and are 

cross-presented to T cells. In addition, other antigenic peptides may also be present in 

CRCL antigen repertoire. Future study will include the identification of BCR-ABL 

peptides, as well as other antigenic peptides in CRCL using biochemical techniques. 
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CHAPTER 111; IMATINIB MESYLATE EFFECTIVELY 

COMBINES WITH CHAPERONE-RICH CELL LYSATES-PULSED 

DENDRITIC CELLS TO TREAT BCR-ABL^ MURINE LEUKEMIA 

Yi Zeng, Michael W. Graner, Hanping Feng, Gang Li, Emmanuel Katsanis 

3.1 ABSTRACT 

Imatinib mesylate has been become an effective agent for the treatment of chronic 

myeloid leukemia (CML). However, the development of drug resistance has led to 

examination of combination therapies. In this study, we investigated the effects of 

combining imatinib with immunotherapy against a murine bcr-abt leukemia, 12B1. We 

have previously shown that multiple chaperone proteins may be enriched into a vaccine 

form from tumor cell lysates by a free-solution isoelectric focusing (FS-IEF) method. 

We refer to these vaccines as chaperone-rich cell lysates (CRCL), and have found that 

they are potent immunologic agents against a variety of murine tumors, including 12B1. 

We now demonstrate that the combination of imatinib with dendritic cells loaded with 

12B1-derived CRCL yields high activation of anti-12Bl specific T cells, and potent 

therapeutic anti-tumor activity resulting in tumor-free survival in up to 63% of mice with 

bcr-abt 12B1 tumors. Our data suggest that immunotherapy can be effectively 

combined with imatinib against CML. 



3.2 INTRODUCTION 

Chronic myelogenous leukemia (CML) is a clonal myeloproliferative disorder genetically 

characterized by the presence of cells that carry the Philadelphia (Ph) chromosome (1). 

The Ph chromosome results from a reciprocal translocation between chromosomes 9 and 

22—^t(9;22)(q34;qll)—leading to the fiision of the breakpoint cluster region (bcr) on 

chromosome 22 with the Abelson (abl) oncogene jfrom chromosome 9 (2). This fusion 

results in the production of one of two chimeric 210kD proteins (b2a2 or bsaa breakpoints, 

although other breakpoints are possible) with tyrosine kinase activities that are necessary 

and sufficient for transformation. Of the available drug therapies against CML {e.g., 

hydroxyurea, busulfan, interferon-a), only imatinib mesylate (ST157I, Glivec, or 

Gleevec™) specifically targets the p210 BCR-ABL proteins. Although imatinib can 

achieve remissions, allogeneic stem cell transplantation (SCT) remains the only curative 

therapy for CML (10). 

The remarkable record of imatinib mesylate against CML in chronic phase is tempered 

by its reduced effectiveness against the disease in the accelerated phase or during blastic 

transformation (23), (24), (25), and by the increasing number of cases where drug 

resistance develops (26), (27). These situations have led to drug combination approaches 

to augment the activity of imatinib via alternative targeting of either the p210 proteins or 

other important downstream signal transduction molecules (28), (29), (30), (31), (32). 

However, there have been few attempts to combine imatinib with immunotherapy (33), 

and there are no published reports on utilization of vaccine therapy in conjunction with 
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imatinib either in human trials or in animal models. Our previous reports have shown that 

multiple chaperone proteins may be enriched into a vaccine form from tumor cell lysates 

by a free-solution isoelectric focusing (FS-IEF) method (17). We refer to these vaccines 

as chaperone-rich cell lysates (CRCL), and have reported that they are potent 

immunologic agents against a variety of murine tumors (17), (90), including the 12B1 

BCR-ABL"^ leukemia (90), (94). In this current work we show that the combination of 

imatinib with cellular vaccines of dendritic cells pulsed with 12B1-derived CRCL yields 

anti-12Bl specific T cells, and potent therapeutic anti-tumor activity resulting in tumor-

free survival in a high percentage of mice. This report suggests that CRCL vaccine may 

be effectively combined with targeted chemotherapy, in this case, imatinib mesylate, 

against hcr-aht leukemia. 

3.3 MATERIALS AND METHODS 

Bcr-abl-positive leiikemia cell line: 12B1 is a murine leukemia cell line derived by 

retroviral transformation of BALB/c bone marrow cells with the human bcr-abl (b3a2) 

fusion gene. This is an aggressive leukemia, with the 100% lethal dose (LDioo) being 10 

cells after tail vein injection (i.v.) and 10^ cells after subcutaneous injection (s.c.) (80, 

90). The 12B1 cell line was kindly provided by Dr. Wei Chen (Cleveland Clinic, 

Cleveland, OH). The cell line was tested monthly and found to be free of Mycoplasma 

contamination. A20 cells are leukemia/lymphoma cells syngeneic to BALB/c mice (105) 
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Mice; Six- to lO-week-oid female BALB/c (H2'') mice (Harlan Sprague Dawley, 

Indianapolis, IN) were used for the experiments. The animals were housed in micro-

isolation in a dedicated pathogen-free facility and cared for according to the University of 

Arizona Institutional Animal Care and Use Committee guidelines. 

Preparation of imatinib mesylate for murine use: Commercially available imatinib 

capsule contents (Gleevec/Glivec™, Norvartis Pharmaceutical AG, Basel, Switzerland) 

were dissolved in distilled water (Sigma Chemical, St Louis, MO) at desired 

concentrations, aliquoted and stored at -20°C for future in vitro and in vivo experiments. 

Imatinib mesyiate treatment of in vitro grown cells: Tissue cultured 1281 or A20 

cells were plated in i§-w®il flat-teottom plates (SB iB0/well3 la the ppesenee ©f inereaslng 

concentrations of imatinib for 24 hours. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide, Sigma), stock solution 5 mg/mL, at 10 per well was 

added for an additional 4 hours. The supernatant was aspirated and the formazan crystals 

were solubilized in dimethylsulfoxide, followed by determination of optical densities at 

560 nm and 690 nm using a microtiter plate reader (BioMetallics, Princeton, NJ). 

Terminal deoxynucleotidyltransferase dUTP nick-end labeling (TUNEL) assay: The 

induction of apoptosis 12B1 cells growing in vivo was determined by TUNEL assay 



using an APO-DIRECT™ kit (BD PharMingen, San Diego CA). BALB/c mice were s.c. 

injected with 3x10^ viable 12B1 cells in the right groin on day 0. When tumor diameters 

reached around 2 to 3 mm, mice were treated with phosphate-buffered saline (PBS) or 

single dose of 900 mg/kg imatinib by gavage. Tumors were removed 24 hours later, 

embedded in O.C.T (Sakura Finetek U.S.A., Torrance, CA), frozen at - 80°C, cut to 5-

jim-thick sections and then mounted on microscope slides and stored at - 80°C. Frozen 

slides were fixed in freshly prepared 1% paraformaldehyde (Sigma) in PBS for 15 

minutes on ice. They were then rinsed with PBS once, and submerged in cold 70% 

ethanol for 30 minutes on ice. Following two rinses in PBS, slides were allowed to dry. 

TUNEL staining solution was added to the slides and they were incubated in a hxmiidified 

chamber at 37 °C for 60 minutes followed by washing with rinsing buffer for 3 times. 

Ribonuclease/propidium iodide solution was then added to the slides and they were 

incubated in the dark for 10 minutes. After 2 washes with PBS, they were moimted using 

Fluoromount-G (Southern Biotechnology Associates, Birmingham, AL) and covered with 

cover slips. Samples were examined using a Bio-Rad 1024 MRC confocai imaging 

system (Bio-Rad Laboratories, Hercules, CA). 

Anncxin V staining of imatinib mesylate-treated cells: 12B1 cells in culture were 

treated with 2 laM of imatinib for 6 or 20 hours. Cells were then collectcd and stained 

with Annexin V-Fluorescein isothocyanate (FITC) and propidium iodide (PI) using the 
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Aiinexin-V-FLUOS staining kit (Roche Molecular Biochemicais, Indianapolis, IN) 

followed by flow cytometric analysis of cells. 

Western blotting of 12B1 cell lysates for BCR-ABL protein and phosphotyrosine 

content: 12B1 cells were treated in vitro with 2 p-M of imatinib for time points from 0-

24 hours. Cells were harvested by centrifiigation and lysed in TNES protein lysis buffer 

(0.05 M Tris, 1% NP-40, 2.5mM EDTA, O.IM sodium chloride, Sigma) containing 2mM 

sodium orthovanadate (Sigma). Protein concentrations were determined by BCA assay 

(Pierce Endogen, Rockford IL), and 30 }J,g of total protein for each time point was loaded 

onto 10% SDS-PAGE gels, electrophoresed, and electroblotted to nitrocellulose. The 

membranes were probed with antibodies to c-abl (2 fig/ml, Ab-3, Oncogene Research 

Products, San Diego, CA) or to phosphotyrosine-containing proteins (clone 4G10, 

Upstate Biotechnology, Lake Placid, NY) followed by appropriate secondary antibodies. 

Positive control for tyrosine-phosphorylated proteins was an EGF-stimulated A431 cell 

lysate provided by Upstate Biotechnology. Membranes were developed with enhanced 

chemiluminescent substrates (Pierce Endogen). 

Imatinib mesylate treatment of mice: Mice were treated with the indicated doses of 

imatinib every morning and every evening from day 2 to day 9 by gavage. Imatinib was 

administered in a volume of 300 p.L sterile water by means of straight animal feeding 



needles (Popper and Sons, Inc. New Hyde Park, NY). The treatment regimens were well 

tolerated. 

Tumor generation: All tissue/cell culture reagents were purchased from 

Gibco/lnvitrogen (Gaithersburg, MD). 12B1 and A20 cells were cultured at 37 °C and in 

5% CO2 in RPMI medium containing 10% heat-inactivated fetal calf serum and 

supplemented with 2 mM glutamine, 100 U/ml penicillin, 100 }ig/ml streptomycin 

sulfate, 0.025 fig/ml amphotericin B, 0.5x minimal essential medium non-essential amino 

acids, 1 niM sodium pyruvate, and 50 ja,M 2-mercaptoethanol. Cells were prepared for 

injection by washing and resuspending in Hanks' balanced salt solution. The cells were 

counted and adjusted to a concentration of 25 x 10^ cells/ml. Female BALB/c mice were 

injected with 0.2 ml (5x10^ cells) subcutaneously in both flanks and were monitored for 

tumor development. Tumors greater than 1 cm in diameter were harvested from 

euthanized mice. In vivo passaging of tumors for biochemical preparations or for tumor 

challenge involved harvesting and mincing the tumor to produce a cell suspension. The 

cell suspension was filtered through a Falcon 100 )j.m nylon strainer (Becton Dickinson 

Labware, Franklin Lakes, NJ) to remove debris and centrifuged. The cell pellet was 

resuspended, washed, counted, and injected into mice. 

Free solution-isoelectric focusing (FS-IEF) for chaperone-rich cell lysates (CRCL) 

generation: Tumor tissue grown in vivo was harvested from mice and homogenized at 4 
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°C in a motor-driven glass/Teflon homogenizer; the buffer was 10 mM Tris-Cl (pH 7.4)/ 

10 mM NaCl/ 0.1% Triton X-100/0.1% Triton X-114/ 0.1% Igepal CA-630 (equivalent to 

Nonidet P-40; all detergents were from Sigma), with the following protease inhibitors 

(Roche Molecular Biochemicals): leupeptin (2 |ag/ml), pepstatin A (1 fig/ml), Perfabloc 

(0.5 mM) and a Complete protease inhibitor cocktail tablet. This buffer was chosen for 

its low ionic strength and ability to solubilize membranes. The homogenate was 

centrifuged at 10,000 x g for 30 min at 4°C to obtain a "low-speed" supernatant. That 

supernatant was centrifuged at 100,000 x g for 60 min at 4°C to obtain a "high speed" 

supernatant. This was then dialyzed against 5 mM Tris/Cl (pH 7.4)/ 5 mM NaCl, 0.05% 

Triton X-100/0.05% Triton X-114/0.05% Igepal CA-630. Protein concentration of this 

dialysate was determined by BCA method (Fierce Endogen) using bovine serum albumin 

as a standard. This dialysate was frozen in aliquots containing 25 mg of total protein. To 

generate vaccine one aliquot was filtered through a 0.8 fim filter and prepared for 

isoelectric focusing by adding urea to 6 M, the detergents Triton X-100, Triton X-114, 

and Igepal each to 0.05%, and a mixture of pH gradient buffer pairs (5 ml of each 

member of each pair); pH 3.9-5.6, 200 mM MES (2-[4-morpholino]-ethane sulfonic acid 

and 200 mM glycyl-glycine, Fisher Scientific, Fair Lawn, NJ); pH 4.5-6.1, 200 mM 

MOPSO (3-[n-morpholino]-2-hydroxy-propanesulfonic acid and 200 mM P-alanine, 

Sigma); pH 5.1-6.8, 200 mM TAPS (2-hydroxy-1,1 -bis[hydroxymethyl]ethyl)amino]-1 -

propanesulfonic acid, Fisher) and 200 mM g-amino-n-caproic acid (Sigma). Water was 

added to a total volume of 50-60 ml. FS-IEF was carried out in a Rotofor device (Bio 

Rad Laboratories). Isoelectric focusing was conducted for 5 h at 15 W constant power 



while the apparatus was cooled with recirculating water at 4 °C; the anode compartment 

contained 0.1 M H3PO4, while the cathode compartment contained 0.1 M NaOH. Twenty 

fractions were harvested; the pH of each fraction was determined with a standard pH 

meter, and the protein content was analyzed by sodium dodecylsulfate/polyacrylamide 

gel electrophoresis (SDS-PAGE) and Western blotting as previously described (17). 

SDS-PAGE and Western blot results indicated that following FS-IEF, several fractions 

ranging from pH 5.1 to pH 6.0 contained HSP70, HSP90, GRP94/gp96, and calreticulin 

within them (13), (94). Fractions selected to be pooled for vaccines were those that 

contained all four of the above HSPs. FS-IEF utilizes small amounts of starting material 

to yield relatively large amounts of tumor-derived chaperonc proteins. In general, Ig of 

tumor can yield 1000 fig CRCL vaccine while from the same amount of tumor, only SO-

SO fig of individual chaperone protein such as HSP70 can be generated using 

conventional purification strategies. The endotoxin level of the CRCL was lower than 

0.01 endotoxin units/^ig of CRCL as examined by Limulus Amebocyte Lysate assay 

(QCL-1000, BioWhittaker, Walkersville, MD). 

Fractions from FS-IEF that contained substantial amounts of four chaperone proteins 

(HSP70, HSP90, GRP94/gp96, and calreticulin), as determined by SDS-PAGE and 

Western blotting, were pooled and dialyzed stepwise out of urea and detergents (starting 

in 0.1 X PBS, 2 M urea, and 0.025% detergents, ending with 0.1 X PBS). Pooled 

fractions were then concentrated using Centricon devices (Millipore, Bedford, MA) and 
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reconstituted in PBS. Vaccines were then passed onto an Extracti-gel D column (Pierce 

Endogen) to remove detergent. Protein concentrations were determined by the BCA 

method and the concentrated proteins were diluted to appropriate concentration for in 

vivo and in vitro experiments. 

Generation of bone marrow-derived DCs: BALB/c mouse bone marrow DCs were 

generated using a slightly modified protocol from that described previously (65). Bone 

marrow was harvested from femurs and tibiae and filtered through a Falcon 100 }im 

nylon cell strainer (Becton Dickinson Lab ware). Red blood cells were lysed in a 

hypotonic buffer and the marrow was cultured in complete RPMI medium (therapeutic 

grade; Gibco/Invitrogen), which contained 10% fetal calf serum, L-glutamine, 50 jig/ml 

streptomycin sulfate, and 10 )ig/ml gentamicin sulfate. Murine granulocyte-macrophage 

colony-stimulating factor (GM-CSF) (10 ng/ml; Peprotech, Rocky Hill, NJ) and 

interleukin (IL)-4 (10 ng/ml) were added to the culture. After 6 days, the nonadherent 

and loosely adherent cells were harvested, washed and used for in vivo and in vitro 

experiments. Less than 10% of these cells were contaminated by macrophages (CD14' 

cells) as determined by flow cytometry. 

In vivo tumor growth experiments: In the pre-existing tumor model, mice were 

injected with 3x10^ (LDioo) viable 12B1 cells in the right groin on day 0. 12B1 cells 

were obtained from one single in vivo passage. On day +2, mice began treatment with 
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imatinib by gavage (200, 300, or 400 mg/kg) twice per day for 7 days. In experiments 

with DCs, day 5 DCs were incubated with 50 |Lig/ml CRCL vaccines in the presence of 10 

ng/'ml murine GM-CSF and 10 ng/ml murine IL-4 for 24 hours, then the DCs were 

washed with PBS three times, and resuspended in PBS followed by s.c. injection into the 

left groin of mice. A total of 5 x 10^ DCs were injected per mouse. Tumor size was 

measured every other day with calipers once the tumors became palpable. Tumor volume 

was calculated using the formula; (length) x (width") x (ji/6). Differences in mean tumor 

volume between groups were evaluated using an unpaired t test. In other experiments the 

Kaplan-Meier product-limit method was used to plot survival and the log-rank statistic to 

test differences between groups. 

ELISPOT assays: BALB/c mice were injected with 3x10^ viable 12B1 cells on day 0. 

Mice were then treated as indicated above. On day 14, ELISPOT assays were performed 

to measure interferon-gamma (IFN-y) secretion from splenocytes. Splenocytes were 

harvested and red blood cclls were lyscd in hypotonic buffer. One million 

splenocytes/well were plated in the presence of 50 |ig/'ml of 12B1-derived CRCL for 24 

hours on Millipore MultiScreen-HA 96 well plates (MAHA S45, Millipore, Bedford, 

MA). The plates had been previously coated overnight with capture antibody rat Mab 

anti-mouse IFN-y, 10 |ig/ml, clone R4-6A2 (BD PharMingen). Cells were then washed 

out with copious amounts of PBST (PBS + 0.05% Tween 20). Biotinylated detection 

antibody was biotinylated rat Mab anti-mouse I FN- y antibody, 2 |ig/ml, (clone XMG1.2, 



BD PharMingen) and was added for two hours. Free antibody was washed out, and the 

plates were incubated with horseradish peroxidase (HRP)-linked avidin (ABC Elite 

reagent, 1 drop each of Reagent A and Reagent B per 10 ml PBS, Vector Laboratories, 

Burlingame, CA) for 1 hour, following extensive washing with FBST, and then washing 

with PBS. Spots were visualized by the addition of the HRP substrate 3-amino-9-

ethylcarbazole (AEC, Sigma Chemical) prepared in acetate buffer (pH 5.0) with 0.015% 

hydrogen peroxide. Spots were examined using a dissecting microscope. Wells of 

interest were photographed with a microscope-mounted Cool SNAP CCD camera (RS 

Photometries, Tucson AZ), and images captured with RS Image, Version 1.07 (Roper 

Scientific, Tucson, AZ). The image of each well was electronically optimized to 

visualize the maximum number of spots. 

Cytotoxicity assay BALB/c mice were treated as indicated above. On day 14, 

splenocytes were harvested and cultured in RPMI complete media in the presence of 10 

|ig/ml CRCL and 20 U/ml IL-2 for 7 days. Viable cells were then harvested by Ficoll 

density centrifugation (Sigma) and used as effector cells. Stimulated effector cells were 

tested for cytolytic activity against 12B1, or A20 cells using a Cytotox 96® Non-

Radioactive Cytotoxicity Assay kit (Promega, Madison, WI) following the instructions 

provided. The percentage of cytotoxicity was determined according to the formula 

provided in the kit instructions by the manufacturer. One lytic unit (LU) was defined as 

the number of effectors required to lyse 40% of targets; cytotoxicity is presented as LU 

per 10^ effector cells. 
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Statistic analysis: For all analyses unless otherwise indicated, student t tests were 

performed using Excel software. The Kaplan-Meier product-limit method was used to 

plot the time to mouse death and the log-rank statistic to test differences between groups 

using Prism software (GraphPad, San Diego, CA). P value of <0.05 was considered to 

indicate significant differences between data sets. 

3.4 RESULTS 

12B1 cells show in vitro and in vivo sensitivity to imatinib mesylate. Since 12B1 cells 

are murine bone marrow-derived cells transduced with the human bcr-abl cDNA 

encoding the (bsaa) p210 BCR-ABL protein, we anticipated that these cells would be 

sensitive to imatinib exposure. 12B1 cells grown for 24 hours in increasing 

concentrations of imatinib showed a dose-dependent reduction in viability as measured 

by MTT assay (Figure lA). A20 cells, a syngeneic murine leukemia/lymphoma (i.e., 

lacking the bcr-abl transgene), were insensitive to the drug at all concentrations tested. 

We further demonstrated that imatinib induced apoptosis induction of 12B1 cells both in 

vitro and in vivo. 12B1 cells exposed to 2 )liM imatinib displayed prominent amounts of 

Annexin V on their cell surface with increasing exposure to the drug (Figure 1 B). Flow 

cytometric analysis indicated that after 6 hours incubation, about 30% of 12B1 cells were 

Annexin V positive; which increased to over 55% by 20 hours while half of these cells 



were moving into secondary necrosis (PI and Annex in positive). Comparable proportion 

of 12B1 cells underwent apoptosis when treated with 4 |iM imatinib (data not shown). 

Apoptotic induction of 12B1 cells in vivo was ftirther confirmed by TUNEL staining of 

tumors harvested from mice receiving imatinib treatment (Figure 1 C). 
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Figure Ill-l. 12B1 cells are sensitive to imatinib mesylate. (A) In vitro sensitivity of 
12B1 ceils to increasing concentrations of imatinib. 12B1 cells or A20 cells (5x10'*) were 
grown in indicated concentrations of imatinib for 24 hours. Cell viability was evaluated by 
MTT assay. (B) Imatinib mesylate induces apoptosis of 12B1 cells in vitro. 12B1 cells 
were exposed to 2 jiM imatinib for 6 or 20 hours. Apoptosis induction was measured by 
Annexin V and PI staining followed by flow cytometric analyses. (C) Imatinib mesylate 
induces apoptosis of 12B1 cells in vivo. BALB/c mice were s.c. injected with 3x10* viable 
12BI cells on day 0. When tumor diameters reached 2 to 3 mm, mice were treated with PBS 
or a single dose of 900 mg/kg imatinib by gavage. Tumors were removed 24 hours later. 
Apoptotic induction of 12B1 cells was detected by TUNEL staining followed by examination 
under con focal laser microscopy. The fragmented DNA in apoptotic cells was detected as 
green, signal. Original magnification 20x. Rq>resentative data from 3 experiments are 
shown. 
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Imatinib mesylate inhibits 12B1 bcr-abl tyrosine kinase phosphor\iation in vitro. 

To examine whether the 12B1 susceptibility to imatinib may lie in the phosphorylation 

status of p210. 12B1 cells were exposed to 2 p.M of imatinib for 0-24 hrs, and the cells 

were harvested at time points shown (Figure 2). Ceil lysates were prepared and separated 

on SDS-PAGE, followed by transfer to nitrocellulose for Western blotting. We observed 

that the p210 BCR-ABL protein was present to an appreciable extent in cells at all of the 

time points chosen (as demonstrated by probing of the blot with an antibody for c-abl. 

Figure 2, top). However, the p210 protein displayed progressively less tyrosine 

phosphorylation (when probed with anti-phosphotyrosine antibodies. Figure 2, bottom). 

The reduced phosphorylation status of p210 may result in reduced activation of 

downstream signaling molecules which may override anti-apoptotic mechanisms 

employed by BCR-ABL positive leukemic cells. 

A20 12B1 

210 KD 

 ̂ Tyrosine pshosphoryfatson 

control Mo 30 mm 1 hr 3 hr 6 hr 24 hr 
ImaUnlti 

Figure 1II-2. Imatinib mesylate inhibits 12B1 BCR-ABL tyrosine kinase 
phosphorylation. 12B1 cells were exposed to 2 jj.M of imatinib mesylate for 0-24 
hrs, and cells were harvested at the time points shown. Cell lysates were prepared 
and separated on SDS-PAGE, followed by transfer to nitrocellulose for Western 
blotting. Presence of p210 BCR-ABL protein was probed using an antibody for c-
abl. A20 cell lysates was served as a negative control. The same membrane was 
further probed for tyrosine phosphorylation with an anti-phosphotyrosine antibody. 
Positive control (indicated as "control" in the lower panel) for phophorj lated 
tyrosine is EGF-stimulated A431 cell lysate provided by the manufacturer. 
Representative data from 3 experiments are shown. 
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Imatinib mesylate reduces tumor burden and prolongs survival but does not cure 

mice of the disease. We next examined the efficacy of imatinib treatment of mice 

bearing pre-existing 12B1 leukemia. In dose escalation studies, we found that increasing 

amounts of imatinib resulted in significant retardation of tumor growth (Figure 3 A). 

However, all animals eventually succumbed to disseminated disease or to large tumor 

masses (Figure 3 B). For future treatments, we chose 300 mg/kg of imatinib twice daily 

for 7 days, since the effects were comparable to higher drug doses, and this was already a 

relatively high dose for mice when compared to other reports (106). 
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Figure 111-3. Treatment with imatinib mesylate reduces tumor burden and 
prolongs survival of mice bearing 12B1 leukemia. (A) BALB/c micc were 
injected with 3x10^ 12B1 cells subcutaneously in the right groin on day 0. Mice 
were given 200-400 mg/kg imatinib via gavage twice a day from days 2-9. Tumor 
volume was measured (PBS vs all imatinib treatment groups, p< 0.05; no significant 
difference between the imatinib treatment groups). (B) Survival of imatinib-treated 
mice was monitored (PBS vs all doses of imatinib: p< 0.05; no significant 
differences between the imatinib treatment groups). 
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Combination therapy of imatinib mesylate with DCs pulsed with 12B1-derived 

CRCL can be curative against mice bearing 12B1 tumor. We wished to examine 

whether combination of specific chemotherapy with specific immunotherapy may offer 

an advantage over monotherapy. Since imatinib is not particularly myelosuppressive, 

combining it with an immunostimulatory vaccine such as CRCL pulsed DCs seemed like 

a feasible approach, particularly in light of the success we previously had using this 

vaccination approach alone (90), (94). Mice were inoculated with tumor on day 0, and 

were treated with imatinib as above (i.e., 300 mg/kg gavage twice daily) from days 2-9. 

DCs pulsed with 12B1-derived CRCL (DC/CRCL, 5 x 10^ cells/ mouse) were injected 

s.c. on day 2. Tumor volume and survival were thereafter monitored. Figure 4 A shows 

individual tumor growth curves of mice in each treatment group. All mice in the PBS 

control or imatinib alone group developed tumor. However, DC/CRCL alone or 

combination therapy resulted in eradication of tumor growth in 3/8 and 4/8 mice, 

respectively. The mean tumor volume of each group was fiirther analyzed. Each of the 

three treatment regimens (imatinib alone, DC/CRCL alone, or the combination) 

significantly delayed the mean tumor growth when compared to saline-treated controls. 

Moreover, treatment with imatinib + DC/CRCL was superior to DC/CRCL alone 

(p<0.05, from day 21 on) or imatinib alone (p<0.05). 
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Figure III-4. Combining tmatinib mesylate with DCs pulsed with tumor-derived 
CRCL delays 12B1 tumor growth. BALB/c mice were injected with 3x10^ 12B1 
cells subcutaneously in the right groin on day 0. Mice were then treated with 300 
mg/kg imatinib twice daily for 7 days, or with DC/CRCL on day 2, or with imatinib + 
DC/CRCL. (A) Tumor growth curvcs of individual mice in each treatment group. (B) 
Tumor growth curves as mean tumor volume of each group in A (representative data 
from 3 experiments arc shown. PBS vs all treatment groups; p< 0.05; imatinib vs 
DC/CRCL: p< 0.05; imatinib vs combination therapy: /?<0.05; DC/CRCL vs 
combination therapy: p< 0.05 from d21 on). 

The Kaplan-Meier plots in Figure 5 confirmed that each of the treatments resulted in 

significantly prolonged survival compared to controls. Again, the combination of 

DC/CRCL and imatinib leading to significantly improved survival over imatinib alone. 

The combination treatment resulted in survival of 63% of the animals in that group, 
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comparing favorably to 44% for the group treated with immunotherapy alone, and 6% in 

the imatinib group. 
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Figure III-5. Combining imatinib mesylate with DCs pulsed with tumor-derived 
CRCL is curative in a high percentage of mice with 12B1 tumors. BALB/c mice 
were injected with 3x10^ 12B1 cells s.c. in the right groin on day 0. Mice were then 
treated with 300 mg/kg imatinib twice daily for 7 days, or with DC/CRCL on day 2, or 
with imatinib + DC/CRCL. Kaplan-Meier plots are shown (n=16 mice per group, 
pooled data from two experiments. PBS vs all treatment groups: p< 0.05; imatinib vs 
DC/CRCL: p< 0.05; imatinib vs combination therapy: p< 0.05). 

Combination therapy of imatinib and DC/CRCL induces superior IFN-y secretion 

and CTL activity in vivo. We have previously shown that vaccination with DC/CRCL 

induced T cell dependent immunity (94). In addition, splenocytes from vaccinated mice 

displayed tumor antigen specific CTL activity and secreted higher amounts of IFN-y 

following in vitro restimulation with tumor antigen or antigenic-peptide bearing 

chaperones (90), (94) (Zeng et al., manuscript in preparation). In this study, we 

investigated the IFN-y secretion by splenocytes and the generation of tumor-specific CTL 
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activity following treatment of mice with imatinib and/or DC/CRCL. Mice were 

inoculated with tumor on day 0, and received either DC/CRCL alone, imatinib alone, or 

both. On day 14, spleens were harvested, and splenocytes were restimulated with 12B1-

derived CRCL. IFN-y ELISPOT assays were performed. Only splenocytes from mice 

receiving DC/CRCL (with or without imatinib) showed IFN-y production following 

restimulation. Interestingly, there was a sharp increase in IFN-y production when mice 

received the imatinib + DC/CRCL combination. Quantitatively, there was a 2-fold 

increase in IFN-y-producing cells in spleens of mice receiving combination therapy 

versus those receiving DC/CRCL alone (Figure 6 A). Moreover, we found increased IL-

2 production and T cell proliferation in splenocytes from mice receiving combination 

therapy when compared to those receiving imatinib or DC/CRCL alone (data not shown). 

CTLs play important roles in controlling tumor growth. To measure specific CTL 

activity, splenocj^es from treated mice were restimulated in vitro with 12B1 CRCL for 

7 days and then tested for cytolytic function against 12B1 tumor or against syngeneic 

control A20 tumor targets. DC/CRCL alone and combination therapy elicited 

comparable CTL activity against 12B1 tumor target but not against A20 tumor ceils 

(Figure 6B). In contrast, imatinib alone or saline failed to generate CTL activity. 
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Figure III-6. Imatinib mesylate and DC/CRCL combination therapy stimulate IFN-y secretion 
and CTL activity. BALB/c mice were injected with 3x10^ viable 12B1 ceils on day 0. Mice were 
then treated with 300 mg/kg imatinib twice daily for 7 days, or with DC/CRCL on day 2, or with 
imatinib + DC/CRCL. Splenocytes were harvested on day 14. (A) IFN-y secretion by splenocytes 
was measured using ELISPOT assays (representative data from 3 experiments are shown). PBS or 
imatinib vs DC/CRCL or combination therapy: /?<0.05; DC/CRCL vs combination therapy: p<0.05. 
(B) Splenocytes were cultured in complete RPMI in the presence of 10 (xg/ml 12B1 CRCL and 20 
U/ml IL-2 for 7 days. Viable cells were then harvested by Ficoll density centrifugation and used as 
effector cells. Effector cells were tested for cytolytic activity against 12B1 or A20 cells using a 
nonradioactive cytotoxicity assay (representative data of 2 experiments are shown). 
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To more accurately assess the increase in cytotoxic activity taking place in vivo, we 

determined the total cytotoxic activity per spleen and presented this as lytic units. Mice 

treated with imatinib + DC/CRCL had a 2-fold increase in lytic units per spleen when 

compared to mice treated with DC/CRCL alone, and yielded a 7-fold increase when 

compared to imatinib (Figure 6 C). 
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Figure III-6. Imatinib mesylate and DC/CRCL combination therapy stimulate IFN-y secretion 
and CTL activity. BALB/c mice were injected with 3x10^ viable 12B1 cells on day 0. Mice were 
then treated with 300 mg/kg imatinib twice daily for 7 days, or with DC/CRCL on day 2, or with 
imatinib + DC/CRCL. Splenocytes were harvested on day 14. (C) Total lytic units were calculated 
and plotted (representative data of 2 experiments are shown; PBS vs all treatment groups: p<0.05; 
imatinib vs DC/CRCL; /><0.05; imatinib vs combination therapy: /KO.OS; DC/CRCL vs combination 
therapy: /KO.OS). 

3.5 DISCUSSION 

Combining imanitib mesylate with other effective agents appears vital since drug 

resistance to imatinib is clearly an emerging problem in CML (26), (27). In this study we 

found that adding an effective vaccine approach to imatinib treatment can significantly 
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improve survival of mice bearing 12B1 tumors. 12B1 is an aggressive murine bcr-abt 

• • 'y "X 
leukemia; moculation of mice with as few as 10 ceils i.v. or 10 cells s.c. is uniformly 

lethal with a median survival of 20-25 days (90, 94) , (80)' Combination treatment with 

imatinib and DCs pulsed with 12B1-derived CRCL was able to cure up to 63% of mice 

with 12B1 tumors. Moreover, mice receiving combination therapy were found to have 

higher splenic IFN-y production and increased CTL activity when compared to those 

receiving imatinib or DC/CRCL alone. 

Imatinib has been shown to induce apoptosis in bcr-abt leukemia cells (107), (108), 

(109). In our study, imatinib induced apoptosis of 12B1 cells both in vitro and in vivo as 

demonstrated by Annexin V staining and TUN EL assay; however, no measurable 

immune responses were generated by these apoptotic cells. Our data are consistent with 

a recent study demonstrating the failure of imatinib in inducing proteinase 3 specific 

CTLs in CML patients (110). We have previously reported that apoptotic 12B1 cells are 

not immunogenic (64), (100). Heat shock treatment, which leads to increased cell 

membrane HSP60 and 70 expression, converted non-imniunogenic apoptotic 12B1 cells 

into immunogenic ones. Imatinib upregulatcd total cellular HSP70 expression as 

measured by Western blotting. However, we observed only a minimal increase in 

membrane HSP70 as determined by flow cytometry. HSP60 levels were not affected by 

imatinib treatment. These data may partly explain the lack of immune responses in 

imatinib treated mice. We have previously shown that CRCL derived from liver could 
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act as a potent adjuvant if utilized in conjunction with apoptotic tumor cells (100). It is 

therefore likely that the imatinib-induced apoptosis of 12B1 releases tumor antigens, and 

when it is given in combination with CRCL, the antigenic as well as adjuvant effects, 

lead to an enhanced anti-tumor immime response. 

The use of tumor-derived chaperone proteins (often called heat shock proteins, or HSPs) 

as anti-cancer vaccines has reached clinical trial stages (111), (112) after numerous 

reports of the immunizing efficacy of these proteins in animal models (113). The 

operational paradigm for the immunological effects of tumor-derived chaperone proteins 

involves both innate and adaptive responses. The innate responses are derived from the 

pro-inflammatory (cytokine-like) effects that exogenous, extracellular chaperone proteins 

have on professional antigen presenting cells (APCs), particularly dendritic cells, 

presumably due to interactions with APC surface receptors for chaperone proteins (114), 

(77), (115), (116), (117), (118). These effects on DCs include the upregulation co-

stimulatory molecules such as CD40, CD80, and CD86, as well as increased expression 

of MHC class 1 and 11 molecules and activation of the NF-KB pathway (119), (74), (120), 

(94). Also, APCs secrete cytokines such as TNF- y and lL-12 following encounters with 

chaperone proteins, further enhancing APC stimulation of T cells (74), (120), (94). The 

ensuing adaptive responses are those generated against antigenic peptides that arc bound 

by the chaperone proteins as part of their escort duties. Chaperoned peptides experience 

"privileged access" to the antigen processing pathway and thus end up being presented to 

T cells for antigen selection. It is assumed that at least some of the tumor-derived 



peptides will be antigenic, leading to a T cell anti-tumor response that is enhanced by the 

chaperone-protein-induced activated state of the APC. 

It has been reported that imatinib significantly enhances antigen presentation by bone 

marrow derived APCs (121). We reasoned that in mice treated with combination 

therapy, both imatinib and CRCL enhanced APC activity, therefore more potent immixne 

responses were generated as demonstrated by the increased IFN-y production and 

superior CTL activity. Other formal possibilities may exist to explain the enhanced 

response; for instance, imatinib may reduce leukemia burden sutTiciently to overcome an 

associated leukemia-induced immunosuppression, which would be evidenced in the 

increased IFN-y output by immune effector cells in tumor-bearing mice treated with 

imatinib and DC/CRCL vaccines. Imatinib may also suppress regulatory T cells that can 

be envisioned as tolerizing entities, presumably to avoid autoimmune responses. 

Breaking this tolerance may result in greater activation of T cells that recognize "near 

self in the tumor. We are actively pursuing mechanistic answers to the question of how 

the combination therapy improves treatment outcomes via the immune system. 

We should point out that we have not attempted to optimize imatinib therapy in this 

murine leukemia model. The 7-day, 300 mg/kg b.i.d. regimen was chosen to represent 

essentially a round of chemotherapy and to enable us to observe the effects of adjuvant 

immunotherapy in conjunction with the drug. Since our scheme with imatinib was very 

rarely curative outright, we were able to discern the additional benefits of our DC/CRCL 
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vaccines in a therapeutic setting. It is certainly possible that further manipulation of the 

dosage and duration of imatinib use would improve survival outcomes for drug-treated 

mice (and therefore, for the combination therapy-treated mice as well); however, the 

point of this work was to demonstrate the feasibility and efficacy of anti-cancer vaccines 

in conjunction with an effective drug which in and of itself is not immunosuppressive. 

The value of these results is in the implication that one may be able to control, if not cure, 

CML with chemo- and immunotherapeutic combinations. 

We feel our data provide compelling evidence for the utilization of chaperone protein-

based anti-cancer vaccines in combination with specific chemotherapy, in this case 

imatinib mesylate. While the search for better drug combinations to pair with imatinib 

continues (31), we suggest that inamunotherapy be given a higher priority in that 

endeavor. CRCL vaccines, especially when used as an immunogen for pulsing DCs, may 

represent a novel form of immunotherapy ideally suited for augmenting the targeted 

imatinib chemotherapy. 
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CHAPTER IV: STRESSED APOPTOTIC TUMOR CELLS 

STIMULATE DENDRITIC CELLS AND INDUCE SPECIFIC 

CYTOTOXIC T CELLS 

Yi Zeng, Hanping Feng, Luke Whitesell, Emmanuel, Katsanis 

4.1 ABSTRACT 

We have previously reported that stressed apoptotic tumor cells are more immunogenic in 

vivo than non-stressed ones. Using confocal microscopy we have confirmed our previous 

observation that heat-stressed apoptotic 12B1-D1 leukemia cells (bcr-abt) express 

HSP60 and HSP72 on their surface. To explore how the immune system distinguishes 

stressed from non-stressed apoptotic tumor cells, we analyzed the responses of dendritic 

cells to these two types of apoptotic cells. We found that non-stressed and heat-stressed 

apoptotic 12B1-D1 cells were taken up by dendritic cells in a comparable fashion. 

However, when stressed apoptotic 12B1-DI cells were co-incubated with immature 

dendritic cells for 24 hours, this resulted in greater upregulation of co-stimulatory 

molecules (CD40, CD80, and CD86) on the surface of dendritic cells. Moreover, 

stressed apoptotic 12B1-D1 cells were more effective in stimulating dendritic cells to 

secrete IL-12, and in enhancing their immunostimulatory functions in mixed leukocyte 

reactions. Furthermore, we demonstrated that immunization of mice with stressed 

apoptotic 12B1-D1 cells induced the secretion of ThI profile of cytokines by spleen cells. 

Splenocytes from mice immunized with stressed apoptotic cells, but not non-stressed 

ones, were capable of lysing 12BI-D1 and the parental 12B1 line, but not a B cell 

leukemia line, A20. Our data indicate that stressed apoptotic tumor cells are capable of 
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providing the necessary danger signals, likely through increased surface expression of 

HSPs, resulting in activation/matixration of dendritic cells, and ultimately the generation 

of potent antitumor T-cell responses. 

4.2 INTRODUCTION 

The deficiency of the seWnon-self paradigm has led to new hypotheses proposed by 

Janeway (34, 35) and Matzinger (36, 37) in that: the immune system is thought to 

respond to "danger" associated with infections or stress. According to this paradigm, the 

occurrence of pathological or necrotic cell death, with ceil products released during tissue 

damage, is a "danger signal" that may initiate protective immune responses. In contrast 

to necrotic cell death, apoptosis is a physiological process, critical to normal 

development, tissue remodeling and cell turnover, and thought to be non-inflammatory or 

bland to the immune system, or even tolerigenic. (38-40) The intact membrane and 

exposure of surface molecules to specific receptors on phagocytes seems to allow the safe 

disposition of undesirable cellular remains. (41) This idea, however, has been challenged 

recently. Lopes and colleagues argued that phagocytosis of apoptotic cells plays a 

previously unrecognized role in regulating the nature of immune responses against 

pathogens. (42) Restifo proposed that apoptotic death associated with viral infection can 

trigger innate and adaptive immune responses though activation of caspase-1 (an 

activator of IL-lj3 and IL-18). (43) Recent studies have documented that apoptosis 

induced by pathogens can elicit potent immune responses. (44-46) These immune 

responses are associated with the induction of type 1 cytokines, such as interferon y (IFN-
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y), (44) and the generation of specific cytotoxic T lymphocj^es (CTLs). (46) Therefore, 

when apoptotic cell death is associated with "danger signals", it can be sensed by the 

immune system and consequently induces active immune responses. 

We have reported that vaccination of mice with heat-stressed autologous apoptotic tumor 

cells induces anti-tumor immunity that significantly retards tumor progression when 

compared to vaccination with non-stressed apoptotic cells. (64) Moreover, we have 

found that stressed apoptotic tumor cells are effective immunogens when loaded onto 

syngeneic DC. (64) Using this artificial but useful model, we have further explored the 

mechanisms behind this and demonstrated that stressed apoptotic cells have striking 

effects on DC, such as upregulating co-stimulatory molecules on their surface and 

stimulating the production of the proinflammatory cytokine IL-12. Moreover, DC 

stimulated by stressed apoptotic tumor cells (and not by non-stressed ones) have 

substantial enhancement of immunostimulatory function in mixed leukocyte reaction. 

Furthermore, we have found that vaccination with stressed apoptotic tumor cells induces 

more prominent IL-2 and IFN-y secretion by murine spienocytes and generation of 

tumor-specific CTLs with high lytic activity. In summary, we have documented that 

apoptotic tumor cells can be immunogenic when stressed, and that DC play a key role in 

determining whether a T cell response will be generated. 
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4.3 MATERIALS AND METHODS 

Mice: Six to ten week old female BALB/c (H-2'^) and C57BL/6 (H-Z^) mice (Harlan 

Sprague Dawley, Indianapolis, IN) were used for the experiments. The mice were 

housed in a dedicated pathogen-free facility and cared for according to the University of 

Arizona Institutional Animal Care and Use Committee guidelines. 

Cell lines: 12B1 is a murine leukemia cell line derived by retroviral transformation of 

BALB/c bone marrow cells with the human bcr-ahl (bsaa) fusion gene and expresses the 

p210 BCR-ABL protein (122). This is an aggressive leukemia with the LDioo being 100 

cells following tail vein injection. (80) 12B1 cells are membrane Fas negative and fail to 

undergo apoptosis with anti-Fas antibody treatment. (64) In order to induce pure 

apoptosis through Fas/FasL apoptotic pathway, we genetically generated an engineered 

cell line 12B1-D1 (64) by stably transfecting 12B1 with cDNA encoding a recombinant 

protein that consists of two mutant FK506 binding protein (FKBP) domains and the Fas 

death domain (Fas DD). (123-125) Using this novel system we were able to trigger 

classical apoptotic death in stably transfected 12B1-D1 leukemia cells with the use of a 

mutant FKBP specific dimerizing drug, AP20187. AP20187 has been tested and has no 

toxicity on non-transfected cells and has no effects in modifying DC function or 

phenotype (64). As a control target in CTL assays, we used the B-cell 

lymphoma/leukemia line, A20. 



Generation of apoptosis or necrotic lysate of 12B1~D1: Non-stressed or heat stressed 

(42 °C, 1 hour) 12B1-D1 cells were treated with 40 nM AP20187 for 6 hours to generate 

non-stressed or stressed apoptotic tumor cells as described previously. (64) The lysate 

was generated by 5 cycles of freeze-thaw using liquid nitrogen and a 37 °C water bath. 

Confocal Microscopy and flow cytometry to evaluate surface HSP expression: Non-

stressed or heat stressed 12B1-D1 cells were treated with AP20187 for 6 hours as 

previously described, (64) and then washed in PBS containing 2% heat inactivated fetal 

bovine serum and 0.1% sodium azide (Sigma Chemical Co, St. Louis, MO). 2 x IQS 

cells were placed in each well of 96-well U-bottomed microtiter plates. Surface 

expression of specific antigens was determined by incubating the cells with saturating 

amounts of monoclonal antibodies for 30 minutes at 4 °C. Antibodies used included anti-

HSP72 (clone C92F3A-5, mouse IgGi, StressGen, Victoria, B.C., Canada), anti-HSP60 

(clone LK-1, mouse IgGi, StressGen), and anti-HSP90 (clone AC88, mouse IgGi, 

StressGen). The cells were then washed three times in PBS containing 2% heat 

inactivated fetal bovine serum and 0.1 % sodium azide. Secondary antibody used was 

Cy 3-conjugated affmiPure F(ab')2 fragment goat anti-mouse IgG (Jackson 

InimunoResearch, West Grove, PA). After 30 min incubation the cells were washed 

three times and further stained with Annexin V-FITC using the Annexin-V-FLUOS 

staining kit (Roche). Cells were then washed and transfered onto microscopic slides 

using Cytospin (Shandon) centrifugation followed by examination under confocal laser 

microscopy (Bio-Rad, Hercules, CA). For flow cytometry, the secondary antibody was 
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an F(ab')2 fragment goat anti-mouse IgG conjugated with ALEXA FLUOR 488 

(Molecular Probes, Eugene, OR). Following staining with the secondary antibody, the 

cells were further stained with the vital dye propidium iodide (PI) (Roche) and then 

analyzed by flow cytometry. 

Generation of bone marrow-derived DC: BALB/c mouse bone marrow DC were 

generated as described previously. (64) Briefly, bone marrow was harvested from femurs 

and tibiae and filtered through a Falcon 100-^m nylon cell strainer (Becton Dickinson 

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

marrow was cultured in complete RPMI medium (therapeutic grade; Gibco BRL, 

Gaithersburg, MD), which contains 10% fetal calf serum, L-glutamine, human serum 

albumin, 50 f.ig/mL streptomycin sulfate, and 10 \iglmL gentamicin sulfate. Murine 

granulocyte-macrophage colony-stimulating factor (GM-CSF) (10 ng/mL) and 

interleukin (IL)-4 (10 ng/mL) (Peprotech, Rocky Hill, NJ) were added to the culture. 

After 6 days, the nonadherent and loosely adherent cells were harvested, washed and 

used for in vivo and in vitro experiments. Less than 10% of these cells were 

contaminated by macrophages (CD 14"^ cells). (80) 

Phagocytosis assay: DC and 12B1-D1 cells were stained with PKH 26 and PKH 67 

(Sigma, St. Louis, MO) respectively following manufacturer's instruction. PKH 67 

stained non-stressed or heat stressed (42° C water bath for 1 hour) 12B1-D1 cells were 

treated with AP20187 for 6 hours. DC were co-cultured with non-stressed or stressed 
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apoptotic cells for 18 hours, and then examined by flow cytometry or confocal laser 

microscopy (Bio-Rad). 

Examination of DC surface marker expression by flow cytometry: DC were washed 

in PBS containing 2% heat-inactivated fetal bovine serum and 0.1% sodium azide (Sigma 

Chemical). A total of 2 x 10^ cells were placed in each well of 96-well U-bottom 

microtiter plates. Surface expression of specific antigens was determined by incubating 

the cells first with an Fc-receptor-blocking antibody (Pharmingen, San Diego, CA.) for 5 

minutes and then with saturating amounts of monoclonal antibodies (all from 

Pharmingen) for 30 minutes at 4°C. Antibodies used included purified fluorescein 

isothiocyanate (FITC) conjugated anti-l-A'* (clone AMS-32.1, mouselgG2b), anti-CD80 

(clone 16-lOAl, hamster IgG), anti-CD86 (clone GLl, rat IgG2a), anti-CD40 (clone 

HM40-3, hamster IgM ) and purified phycoerythrin (PE) conjugated anti-CD 1 Ic (clone 

HL3, hamster IgG). After a 30 minute incubation the cells were then washed 3 times in 

PBS containing 2% heat-inactivated fetal bovine serum and 0.1% sodium azide and fixed 

with PBS containing 1% paraformaldehyde (Polysciences, Warrington, PA). Ten 

thousand cells were analyzed using a FACScan (Becton Dickinson Immunocytometry, 

San Jose, CA). 

Mixed leukocyte reaction (MLR): BALB/c (H-2'^) DC were incubated with stressed or 

non-stressed apoptotic 12B1-D1 cells at 1:1 ratio in the presence of 10 ng/ml murine 
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GM-CSF and IL-4 for 24 hours. DC were collected, treated with 50 jutg/ml Mitocycin 

(Sigma chemical) for 20 minutes, then washed three times with PBS. Splenocytes (10^ 

per well) from naive C57BL/6 (H-2'') mice were plated in 96 well plates. DC were 

serially diluted and incubated with splenocytes at a ratio of splenocytes to DC ranging 

from 10:1 to 40:1. After a four day co-culture, 20 pi of 50 mCi/ml [^H] thymidine (ICN 

Pharmaceuticals) was added to each well. The cells were harvested 18 hours later using a 

96-well Packard cell harvester and the radioactivity measured on a Packard beta counter. 

T-cell proliferation assay and IL-2 bioassay: BALB/c mice were immunized with 5 x 

10^ stressed or non-stressed apoptotic 12B1-D1 cells. Control mice were immunized 

with saline. Splenocytes from immunized mice were harvested 5 days later and co-

cultured with Mitomycin treated 12B1 -D1 cells. The ratio of splenocytes to tumor cells 

was 10 to 1. After a 72 hour culture, the supernatant from each group was collected and 

serially diluted in 96-well plates. IL-2 dependent CTLL-2 cells (2 x 10^ cells per well) 

were added to each well. Human recombinant IL-2 was used to generate a standard 

curve. All assays were performed in triplicate wells. After 24 hours culture, [ H] 

thymidine (1 pCi per well) was added. For T-cell proliferation assay, splenocytes were 

co-cultured with apoptotic 12B1-D1 cells for 4 days before the addition of [^H] 

thymidine. The cells were harvested 18 hours later using a 96-well Packard cell harvester 

and the radioactivity was measured on a Packard beta counter. 
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ELISPOT Assays; ELISPOT assays were performed to measure IFN-y production by 

splenocytes and IL-12 production by DC. To measure the IFN-y secretion, heat-stressed 

or non-stressed 12B1-D1 cells were treated with 40 nM AP20187 for 6 hours and then 

injected into BALB/c mice subcutaneously. Splenocytes of the immunized mice were 

harvested 5 days later and washed. Between lO' to lO'' splenocytes were then cultured in 

Millipore MultiScreen-HA 96 well plates (MAHA S45, Millipore, Bedford, MA). To 

measure IL-12 secretion by DC, between 10^ to 10® DC were cultured alone, or with 

stressed or non-stressed apoptotic 12B1-D1 cells at 1:1 ratio in the presence of 10 ng/ml 

GM-CSF and IL-4 for 24 hours on Millipore MultiScreen-HA 96 well plates. The plates 

had been previously coated overnight with anti-lFN-y capture antibody (10 |j,g /ml, clone 

R4-6A2, rat Mab anti-mouse IFN-y, BD PharMingen, San Diego, CA) or anti-IL-12 

capture antibody (10 fig/ml, clone 9A5, rat Mab anti-mouse IL-12 (p70), BD 

PharMingen). Wells were then washed with copious amounts of PBST (PBS + 0.05% 

Tween20). Biotinylated anti-IFN-y antibody (2 jig/ml, clone XMG1.2, rat Mab anti-

mouse IFN-y, BD PharMingen) or anti-IL-12 antibody (2 )ig/ml, clone CI7.8, rat Mab 

anti-mouse IL-12 (p40/p70, BD PharMingen) was added for two hours. Free antibody 

was washed out, and the plates were incubated with horseradish peroxidase (HRP)-linked 

avidin (ABC Elite reagent, 1 drop each of Reagent A and Reagent B per 10 ml PBS, 

Vector Laboratories, Burlinganie, CA) for 1 hour, following extensive washing with 

PBST, and then with PBS. Spots were visualized following the addition of the HRP 

substrate 3-amino-9-ethylcarbazole (AEC, Sigma Chemical) prepared in acetate buffer 

(pH 5.0) with 0.015% hydrogen peroxide. Spots were examined using a dissecting 
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microscope. Wells of interest were photographed with a microscope-mounted Cool 

SNAP20187 CCD camera (RS Photometries, Tucson AZ), and images captured with RS 

Image, Version 1.07 (Roper Scientific, Tucson, AZ). 

Cytotoxicity assay; BALB/c mice immunized with heat stressed (42°C, 1 hour) or non-

stressed 12B1-D1 cells that had been treated with 40 nM AP20187 for 6 hours. 

Splenocytes from immunized mice were harvested 5 days later and then co-cultured with 

Mitomycin-C treated 12B1-D1 cells for 5 days. Stimulated effector cells were tested for 

cytolytic activity against 12B1-D1 cells, parental 12B1 cells, or A20 (B-cell leukemia) 

cells using a 4 to 6 hour cytotoxicity assay (Promega, Madison, WI) following the 

manufacturer's instruction. 

Statistic analysis: For all analyses, student t tests were performed using Excel software. 

P value of <0.05 was considered to indicate significant differences between data sets. 

4.4 RESULTS 

Heat-stressed apoptotic tumor cells express HSP60 and HSP72 on their surface. 

Using flow cytometry, we have previously shown that heat-stressed apoptotic 12B1-D1 

cells express HSP60 and HSP72 on their surface. (64) We further evaluated the presence 

of membrane HSPs on apoptotic bodies by confocal microscopy. Figure 1 demonstrates 
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that both non-stressed and stressed apoptotic ceils stained with Annexin V-FITC. 

However, only the stressed apoptotic cells displayed double staining of green and red 

dyes, and that in some areas, colocalization is evident as yellow or orange patches (Figure 

lA), confirming that stressed apoptotic 12B1-D1 cells express HSP60 and HSP72 on 

their surface. Interestingly, the HSP staining displayed a distinct punctuate pattern, rather 

than a more homogenous membrane staining. The significance of this is not clear, but it 

suggests that the distribution of the membrane HSPs may be restricted. We also 

examined these cells for HSP90 expression by confocal microscopy and found that 

neither stressed nor non-stressed apoptotic 12B1-D1 cells expressed membrane HSP90 

(Figure lA). Using flow cytometry, the majority of stressed apoptotic cells that were 

positively stained with HSP60 or HSP72 excluded the vital dye PI (Figure I B), indicating 

that these cells were on their early stage of apoptosis. 
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Figure IV-1. Stressed apoptotic tumor cells express membrane HSPs. (A) Non-
stressed or heat-stressed (42° C, 1 hour) 12B1-D1 ceils were treated with AP20187 for 
6 hours, and then washed. Surface expression of specific antigens was determined by 
incubating with anti-HSP72, anti-HSP60, or anti-HSP90 monoclonal antibodies 
followed by staining with Cy3-conjugated affiniPure F(ab')2 fragment goat anti-mouse 
IgG. Stained cells were washed and fiiitber stained with Aanexifl V-FITC. Cells were 
then washed and transfered onto microscopic slides using cytospin centrifugation 
followed by examination under confocal laser microscopy. (B) For flow cytometry, 
the secondary antibody was F(ab')2 fragment goat anti-mouse IgG conjugated with 
ALEXA FLUOR 488 (Molecular Probes, Eugene, OR). Following staining with 
secondary antibody, the cells were further stained with the vital dye propidium iodide 
(PI) and analyzed by flow cytometry. (12B1-DI/AP = 12B1-D1 ceils treated with 
AP20187; 12B1 -D1 /HS/AP = heat-stressed 12B1-D1 cells treated with AP2()187). 
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Immunostimulatory effects of stressed apoptotic 12B1-D1 cells on DC. To explore 

whether DC respond differently to stressed and non-stressed apoptotic cells, we first 

examined whether there was differential uptake of non-stressed versus stressed apoptotic 

bodies by DC. 12B1-D1 cells were stained with PKH67 and then induced to undergo 

apoptosis by exposure to AP20I87. The AP20187-treated cells were then incubated with 

DC for 18 hours. Using flow cytometry, we found that DC engulfed non-stressed and 

stressed apoptotic cells to the same extent as illustrated by the double positive staining 

(Figure 2A). Confocal microscopy confirmed that internalization was not affected by the 
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Figure IV-2. Non-stressed and stressed apoptotic 12B1-D1 cells are taken up by 
DC. DC and 12B1-DI cells were stained with PKH 26 and PKH 67 respectively. 
PKH 67 stained non-stressed or heat-stressed 12B1-D1 cells were then treated with 
AP20187 for 6 hours to induce apoptosis. DC were co-cultured with non-stressed or 
stressed apoptotic cells for 18 hours, and then examined by (A) flow cytometry. 
Representative data from one of three experiments are shown. 
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stress status of apoptotie tumor cells (Figure 2B). As expected, phagocytosis was 

temperature sensitive, since it occurred at 37 °C but not at 4 °C (Figure 2B). 

Figure IV-2. Non-stressed and stressed apoptotie 12B1-D1 cells are taken up 
by DC. DC and 12B1-D1 cells were stained with PKH 26 and PKH 67 
respectively. PKH 67 stained non-stressed or heat-stressed 12B1-D1 cells were 
then treated with AP20187 for 6 hours to induce apoptosis. DC were co-cultured 
with non-stressed or stressed apoptotie cells for 18 hours, and then examined by 
(B) confocal laser microscopy. Representative data from one of three experiments 
are shown. 

We next examined whether these groups of apoptotie tumor cells may differ in their 

abilities to stimulate DC maturation. DC were cultured with non-stressed or stressed 

apoptotie 12B1-D1 cells at 1:1 ratio for 24 hours. The CD 11c' gated cells that co-

expressed CD40, CD80 (B7-I ), CD86 (B7-2), and MHC-II was determined. Both non-

stressed and stressed apoptotie 12B1-D1 upregulated the expression of CD40. CD80, 
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B 

DC+12B1-01/AP DC+12B1-01/HS/AP 



CD86, and MHC II on the surface of DC (Figure 3 A and B) as determined by increase of 

mean fluorescent intensity (MFI). However, stressed apoptotic 12B1-D1 cells 

reproducibly had a more pronounced effect on inducing CD40, CD80 and CD86 

expression (Figure 3 A and B). Several groups have reported that necrotic lysate from 

tumors releases cellular HSPs and matures DC. (74, 79) Although HSP release might be 

restricted in apoptotic cells even after 24 hours in culture, (74) we incorporated two 

additional control groups to explore the possibility that the upregulation of co-stimulatory 

molecules on DC was due to cellular components, such as HSPs released from apoptotic 

12B1-D1 cells. 10^ of heat-stressed or non-stressed 12B1-D1 cells were lysed by freeze-

thaw, and then incubated with 10^ DC for 24 hours. The lysate derived from either heat-

stressed or non-stressed 12B1 -D1 cells failed to upregulate the co-stimulatory molecules 

on DC. This is in agreement with our reported in vivo data that vaccination with tumor 

lysate generated by freeze-thaw fails to induce significant protective immunity against 

12B1 -D1 tumor challenge. (64) In addition, we found that heat-stressed but viable 12B1 -

D1 cells (without induction of apoptosis by AP20187 treatments) failed to stimulate the 

upregulation of co-stimulatory molecules on DC (data not shown). 
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Figure IV-3. Stressed apoptotic 12B1-D1 cells up-regulate the expression of 
MHC class II and costimulatory molecules on DCs. Bone marrow-derived DCs 
were cocultured with heat-stressed or nonstressed apoptotic 12B1-D1 cells at a 1:1 
ratio for 24 hours. DCs were then harvested and analyzed by flow cytometry for 
expression of the cell surface markers indicated. The CDllc"^ gated population was 
analyzed for expression of CD40, CD80, CD86, and MHC class II. (A) Overlay 
histograms and (B) fold increase in MFI. The gray portion of the histograms in panel 
A indicates isotype control. Representative data from 1 of 4 experiments are shown. 
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IL-12 is one of most important proinflammatory cytokines secreted by DC that 

determines Thl/Th2 polarization. (126, 127) Using ELISPOT assays, we next 

investigated the effect of stressed and non-stressed apoptotic cells on IL-12 production by 

DC. Apoptotic cells were co-cultured with DC for 24 hours. Stressed apoptotic 12B1-

D1 cells had a dramatic effect on stimulating IL-12 production by DC, whereas non-

stressed apoptotic tumor cells failed to induce measurable IL-12 (Figure 4A). 

We further examined the effects of apoptotic 12B1-D1 cells on altering the 

immunostimulatory function of DC in mixed leukocyte reactions (MLR). DC were 

cultured with non-stressed or stressed apoptotic 12B1-D1 cells for 24 hours and then 

treated with Mitomycin C before they were added as stimulators to allogeneic (H-2'') 

splenocyte responders. Splenocyte proliferation in the MLR was determined by [^H] 

thymidine incorporation. Compared to non-stressed apoptotic cells, stressed apoptotic 

12B1-D1 cells significantly enhanced the immunostimulatory function of DC (Figure 

4B). 
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Figure lV-4. (A) Stressed apoptotic 12B1-D1 cells induce IL-12 secretion by 
DC. ELISPOT assays were performed to measure the IL-12 secretion by DC. 
3x10^ DC were co-cultured with media, or heat stressed or non-stressed apoptotic 
12B1-D1 cells at 1:1 ratio for 24 hours in the presence of 10 ng/ml GM-CSF and 
lL-4 for 24 hours. Representative data from 3 experiments is shown. (B) Stressed 
apoptotic 12B1-D1 cells increase DC capacity to stimulate allogeneic splenocyte 
proliferation. DC were co-cultured with media, or heat stressed or non-stressed 
apoptotic 12B1-D1 cells at 1:1 ratio for 24 hours in the presence of 10 ng/ml GM-
CSF and IL-4 for 24 hours. DC were then collected and treated with Mitomycin C 
and washed as described in materials and methods. 10^ splenocytes from C57BL6 
mice were added per well and cultured with the indicated ratio of pretreated 
BALB/c DC for 4 days. [^H]- thymidine was added and the cells were cultured for 
additional 18 hours before the incorporated radioactivity was counted. 

Vaccination of mice with stressed apoptotic tumor ceils induces secretion of type I 

cytokines and stimulates the generation of specific CTLs. Cell-mediated immunity 
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plays an essential role in combating tumors (128) and is characterized by the production 

of type I cytokines, such as IFN-y, IL-2, and TNF-a, and the induction of CTLs. We next 

explored whether vaccination with stressed versus non-stressed apoptotic tumor cells 

could have ditTerential abilities to induce type I cytokine secretion by T cells and to 

generate tumor-specific CTLs. We found that splenocytes primed in vivo by vaccination 

with stressed apoptotic tumor cells responded with increased secretion of IL-2 and IFN-y 

upon in vitro restimulation with Mitomycin C treated 12B1-D1 cells (Figure 5A and 5B). 

Moreover, proliferation of splenocytes from mice immxmized with stressed apoptotic 

tumor cells was significantly higher, as assessed by [^H] thymidine incorporation assays 

(Figure 5C). 
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Figure IV- 5. Immunization of mice with stressed apoptotic 12B1-D1 cells 
induces IFN-y, IL-2 secretion by splenocytes and T-cell proliferation. Heat-
stressed or non-stressed I2BI-D1 cells (2x10^ were treated with 40 nM AP20I87 for 
6 hours and then injected to BALB/c mice subcutaneously. Splenocytes from 
immunized mice were harvested 5 days later and restimulated with Mitomycin-C 
treated 12B1-DI cells. (A) CTLL-2 bioassay was used to determine the IL-2 
production. 
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Figure IV- 5. Immunization of mice with stressed apoptotic 12B1-D1 cells 
induces IFN-y, IL-2 secretion by splenocytes and T-cell proliferation. Heat-
stressed or non-stressed 12B1-D1 cells (2x10^) were treated with 40 nM AP20187 for 
6 hours and then injected to BALB/c mice subcutaneously. Splenocytes from 
immunized mice were harvested 5 days later and restimulated with Mitomycin-C 
treated 12B1-D1 cells. (B) IFN-y secretion was determined by ELISPOT. (C) T cell 
proliferation was determined by [^H] thymidine incorporation. Representative data 
from one of three experiments are shown. 
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We further examined the CTL activity generated following vaccination with stressed 

apoptotic tumor cells. Splenocytes from mice immunized with non-stressed or stressed 

apoptotic 12B1-D1 cells were collected 5 days after immunization, and restimulated in 

vitro with Mitomycin C treated 12B1-D1 cells for 5 another days. These effector cells 

were tested for cytolytic activity against 12B1-D1, parental 12B1, or A20 targets. We 

found that vaccination with stressed apoptotic cells resulted in generation of potent CTL 

activity against 12B1-D1 cells (Figure 6A). In addition, these CTLs were also active 

against the parental 12B1 cells (Figure 6B). No cytolytic activity above background was 

observed against the A20 B-cell leukemia targets, confirming the specificity of CTLs 

(Figure 6C). In contrast, vaccination with non-stressed apoptotic tumor cells failed to 

generate CTLs against 12B1-D1 or 12B1. 
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Figure IV-6. Immunization of mice with stressed apoptotic 12B1-D1 cells 
induces tumor specific CTL. BALB/c were immunized with saline, heat-stressed or 
non-stressed 12B1-D1 cells that had been pre-treated with 40 nM AP20187 for 6 
hours. Splenocytes from immunized mice were harvested 5 days later and 
restimulated with Mitomycin C treated 12B1-D1 cells for 5 days. Stimulated effector 
cells were tested for cytolj^ic activity against (A) 12B1-D1 cells, (B) parental 12B1 
cells, or (C) A20 cells, using a 4 to 6 hours cytotoxicity assay. Representative data 
from one of three experiments are shown. 
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4.5 DISCUSSION 

DC are the most potent antigen presenting cells (APCs) that play a central role in 

initiating adaptive and innate immune responses. (127) Distributed as sentinels 

throughout the body, DC are poised to capture antigens, migrate to draining lymphoid 

organs, and, after a process of maturation, select antigen-specific lymphocytes to which 

they present the processed peptides, thereby inducing immune responses. (129) DC are 

capable of phagocytosing cells dying by apoptosis. (47-49) However, the immunological 

outcome following the ingestion of apoptotic cells by DC remains an issue of debate. (42, 

43) Some reports indicate that the uptake of apoptotic cells may lead to anti­

inflammatory signals and possibly tolerance, whereas interaction with necrotic cells will 

lead to activation of innate and adaptive immune mechanisms. (50, 74) However, some 

studies have shown that DC can acquire antigens from apoptotic cclls and induce specific 

CTLs (47, 130) in vitro. Others have reported that DC take up apoptotic tumor cells and 

transport them to lymph node T cell areas where they induce a specific immune response 

leading to tumor rejection in vivo. (131) We have previously shown that pulsing of 

stressed apoptotic 12B1-D1 cells, but not non-stressed ones, onto syngeneic DC resulted 

largely in rejection of coinjected viable 12B1-D1 cells. (64) Mice rejecting the primary 

12B1-D1 inoculum were immune to the same but not to a different leukemia challenge. 

(64) Our current findings indicate that the immune system is capable of distinguishing 

between stressed and non-stressed cells undergoing programmed ccll death. We have 

demonstrated that both stressed and non-stressed apoptotic cells were efficiently 

phagocytosed by DC. This indicates that the difference between the immunologic 



outcome of stressed and non-stressed apoptotic tumor cells is not due to the differential 

uptake of apoptotic cells by DC, but rather to the maturation or activation that ensues 

following contact with the stressed apoptotic bodies. 

In addition to antigens that can be acquired, processed and presented by APCs, secondary 

signals are needed to activate local APCs, especially DC, leading to an active immune 

response against the antigens.(34-37) Arc DC differentially activated in response to 

stressed or non-stressed apoptotic tumor cells? We demonstrated that DC exposed to 

stressed apoptotic cells upregulatcd their surface expression of co-stimulatory molecules 

and secretion of IL-12, both which are key in determining the type of T-cell responses. 

IL-12 has been shown to have multiple functions, including modulating Thl versus Th2 

switching, which is critical in anti-tumor immune responses. (128) DC activated with 

stressed 12B1-D1 apoptotic tumor cells had improved immunostimulatory function in 

MLR. In contrast, non-stressed apoptotic tumor cells displayed limited capacity to 

induce DC costimulatory molecule expression, IL-12 secretion, and immunostimulatory 

function. This finding is consistent with other reports that in the absence of 

inflammation, infection, and necrosis, apoptotic cells are taken up by immature DC or 

macrophages without stimulating autoimmune responses against the self antigens from 

apoptotic cells.  (38, 50, 132) It  is also consistent with a proposal by Steinman et al,  (57) 

and may represent an important mechanism for establishing peripheral tolerance to self 

Therefore, it is possible that tumor cclls dying of apoptosis may exploit a similar 
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mechanism to induce tolerance and inhibit the development of tumor specific immunity. 

In agreement with our findings are reports demonstrating that engulfment of non-stressed 

apoptotic cells does not stimulate DC maturation. (38, 50, 74) However, when the dying 

cells are associated with upregulation of HSPs (64, 72, 133) or with infectious pathogens, 

(44-46) they are capable of stimulating T cells and therefore are highly immunogenic. 

We demonstrated that stressed apoptotic 12B1-D1 cells up-regulated HSP60 and HSP72 

expression on their surface using flow cytometry (64) and confocal microscopy. These 

membrane expressed HSPs may act as endogenous adjuvants or danger signals, which 

stimulate DC maturation, antigen presentation, and consequently T-cell priming. Our 

data confirm that professional APCs can adopt distinct differentiation choices depending 

upon whether or not cell death is associated with stress, or danger, even if the cells are 

dying by apoptosis. In fact, we have demonstrated that exogenous HSPs even from 

normal tissue (which are devoid of tumor antigenic peptides), can function as adjuvants, 

enhancing the immunogenicity of apoptotic tumor cells induced by AP20187 or by 

Mitomycin C (100). Although different than our model system, others have documented 

that HSP expression by viable tumor cells decreases their tumorogenicity. (134-136) 

It is essential for DC to mature before they can activate naive T cells. Stressed apoptotic 

12B1-D1 cells mature DC and vaccination with stressed apoptotic tumor cells induces T 

cell-dependent anti-tumor immunity. (64) This is characterized by the production of type 

I cytokines and the generation of tumor-specific cytotoxic T cells. We showed that 
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splenocytes from mice immunized with stressed apoptotic 12B1-D1 cells secreted 

significantly higher amounts of IL-2 and IFN-y than spleen cells from mice immunized 

with non-stressed apoptotic cells. Moreover we clearly demonstrated that stressed 

apoptotic 12B1-D1 cells, (but not non-stressed ones), induced potent tumor specific 

CTLs. Our results are in agreement with our previous report that vaccination with 

stressed, but not non-stressed apoptotic cells significantly retarded the progression of co-

injected tumor cells. (64) CTLs are particularly important in tumor immimity. (9, 137) 

Several reports have shown that APCs can acquire antigens from apoptotic bodies and 

cross prime CTLs in vitro. (40,46,47) But evidence that apoptotic tumor cells can prime 

CTLs in vivo remains limited. In the current study we have demonstrated that stressed 

apoptotic tumor cells were capable of inducing potent CTLs in vivo. We do not believe 

that these CTLs were the result of immunization with cellular components released from 

secondary necrotic tumor cells. Because apoptotic cells induced by AP20187 kept their 

membrane integrity before vaccination as determined by trypan blue exclusion and flow 

cytometry (data not shown). Moreover, we injected mice with only 5x10^ AP20187 

treated cells which was unlikely to overwhelm the phagocytic capacity of host APC. (55) 

Finally, we have previously shown that necrotic 12B1-D1 lysate failed to generate anti­

tumor immunity retarding the progression of co-injected viable tumor cells. (64) 

In summary, in the present study, we have provided direct evidence that DC differentially 

respond to stressed and non-stressed apoptotic tumor cells. In contrast to non-stressed 
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apoptotic 12B1-D1 leukemia cells, stressed apoptotic tumor cells induced secretion of IL-

12, upregulated the expression of costimulatory molecules on DC, and augmented their 

immunostimulatory function. This led to induction of type I cytokines and generation of 

effective tumor specific CTLs. 
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DISCUSSION 

In this study, we have explored different approaches to optimize immunity against CML. 

CML is a clonal myeloproliferative disorder characterized by the presence of cells 

expressing BCR-ABL proteins. The BCR-ABL fusion proteins play critical roles in the 

pathogenesis of CML and are tumor-specific antigens. Therefore, BCR-ABL proteins 

represent reasonable targets for immunologic approaches as well as targeted drug 

therapies against CML. 

In the first part of this study, we have shown that CML derived CRCL activated DCs and 

vaccination with DCs loaded with CRCL elicited potent, BCR-ABL specific anti-

leukemia immunity. In addition, combination of DC/CRCL vaccine with imatinib 

mesylate led to more potent immune responses against CML. In the second part of the 

study, we have demonstrated that apoptotic leukemic cells upregulated membrane HSPs 

following stress and stimulated DCs to express higher levels of co-stimulatory molecules 

on their surface and to produce more IL-12. Vaccination of stressed apoptotic leukemic 

cells induced long-lasting T cell mediated immune responses in vivo. 

Chaperone proteins are the most abundant soluble intracellular molecules. Under 

physiological conditions, their ability to stimulate immune responses is not expected, 

since the immune system normally does not attack self However, when presented to 
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cells extracellularly, HSPs or chaperone proteins may act as danger signals alerting the 

immune system to tissue injury (71-73). Individual chaperone proteins, such as HSP70 

and GRP94/gp96 have been shown to deliver partial maturation signals to DCs and to 

stimulate pro-inflammatory cytokine expression thus inducing Thl-type immune 

responses (74-78). Chaperone proteins are known to perform their intracellular functions 

as multi-protein complexes consisting of chaperones, co-chaperones, and substrate 

molecules. In our previous studies, we have demonstrated that chaperone proteins within 

the CRCL exist in complexes (17), and therefore may more accurately re-create danger 

signals, consequently activating A PCs more efficiently than individual purified 

chaperone proteins. 

Tumor lysate has been used as a source of antigen for loading DCs in preclinical and 

clinical studies (88, 89). In the 12B1 model and in the numerous other tumor models we 

have studied, such as A20 lymphoma (17), B16 melanoma, N2A neuroblastoma, Sal 

fibrosarcoma, and 4T1 mammary carcinoma ((90); Graner, unpublished observations), 

tumor lysate did not stimulate a measurable immune response when used alone, while 

some protection was achieved when lysates were loaded onto DCs. Moreover, when 

incubated with DCs, unfractionated tumor lysate did not change the DC phenotype or 

enhance their immunostimulatory function in an MLR. Subtle differences in the 

preparation of lysate and DC may contribute to the differential outcomes between our 

studies and those of others. This lack of protective immunity with unfractionated tumor 

lysate may be due to the presence of immunosuppressive factors in the lysate and/or to 
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insufficient concentration of chaperone proteins and the peptides they carry (Graner et al., 

manuscript in preparation). In contrast to lysate and consistent with our previous study 

(17), CRCL are very immunogenic indicating that the FS-IEF step is an effective means 

to enhance the immunogenicity of tumor lysate preparations. 

Since it has been reported that HSPs may share some common pathways with LPS (62) it 

is important to exclude the possibility that the immunogenic protection of CRCL is due to 

LPS contamination. Endotoxin level of CRCL is less than 0.01 EU/)ig as examined by 

Limulus Amebocyte Lysate assay. Moreover, A20 lymphoma derived CRCL, which are 

prepared by the same method in parallel with 12B1 leukemia CRCL, showed no 

protection when mice were challenged with 12B1 tumor (Figure 1-2A). Furthermore, 

other studies in our laboratory (91) demonstrated that CRCL from normal mouse tissues 

provided danger signals to apoptotic tumor cells and elicited anti-tumor immunity. 

However, the immunoprotection was not evident when mice were immunized with liver 

CRCL alone, indicating that liver CRCL per se are not immunogenic. These data support 

that the immunizing effects of 12B1 CRCL were not the result of LPS contamination. 

We have previously shown that HSP70 induced more potent tumor specific immunity 

than any of the other known immunogenic chaperones isolated from the same tumor (13). 

We therefore directly compared the immunogenicity of 12B1 CRCL to that of purified 

HSP70. We found that CRCL alone provided equivalent protection against tumor 
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challenge when compared with 12B1 HSP70 immunization. However, when CRCL were 

incubated with DCs and utilized as a cellular vaccine, these CRCL-pulsed DCs showed 

distinctly better anti-tumor immunity than HSP70-pulsed DCs in both a prophylactic and 

therapeutic setting. This suggests that CRCL may deliver additional signals important in 

activation of DCs and/or provide additional tumor specific peptides to these APCs. 

It has been shown by a variety of studies that the immunogenicity of tumor-derived 

chaperones results from the antigenic peptides escorted by the chaperone proteins (15, 16, 

92, 93). Since chaperone proteins have been demonstrated to bind endogenous peptides 

(18-20), we reasoned that BCR-ABL derived fusion peptides are likely to be components 

of the antigenic repertoire of 12B1 tumor-derived CRCL. Furthermore, BCR-ABL 

peptides, which have been shown to be able to bind MHC-l and MHC-Il molecules 

following uptake by DCs, are able to be presented to T cells (7, 8, 21, 22). To address 

these hypotheses, we tested whether immunization of mice with DCs loaded with CRCL 

induced BCR-ABL specific immune responses in vivo. We found that splenocytes from 

mice immunized with DCs loaded with CRCL secreted large amounts of IFN-y when re-

stimulated with a BCR-ABL peptide, GFKQSSKAL (Figure II-1), indicating that BCR-

ABL peptides, either this specific 9 mer peptide, GFKQSSKAL, and / or its longer 

precursors, are contained within 12B1 tumor derived CRCL. Very interestingly, we 

found that these splenocytes secreted higher amounts of IFN-y upon re-stimulation with 

12B1 derived CRCL than that with BCR-ABL peptide. These findings were further 

confirmed when splenocytes from mice immunized with BCR-ABL peptide loaded DCs 
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secreted higher levels of IFN-y when re-stimulated with 12B1-derived CRCL than that 

with BCR-ABL peptide (Figure 11-1). One reasonable explanation for the superior IFN-y 

production could be that other antigenic peptides are also chaperoned by CRCL. In 

addition, the adjuvant effects of CRCL (100), (101) may also play some role. The 

potential candidate antigens chaperoned by CRCL may include Wilms tumor antigen 

(96), minor histocompatibility antigen (97, 98), protease 3 (99), which have been 

documented to be potential CML tumor associated antigens. Experiments are ongoing in 

our lab to identify the antigenic components of the CRCL chaperoned peptide repertoire. 

Although the mechanisms are not completely clear, an increasing body of data suggests 

that DCs take up chaperone-peptide complexes through specific reccptors and re-present 

the peptides on MHC-I molecules (81-85). Recently, receptors for HSP70 and 

GRP94/gp96 have been identified (70, 86, 87). Tumor derived CRCL is made up of 

multiple chaperone proteins; therefore additional potential chaperone rcceptors on the 

surface of APCs may be involved in the endocytosis of these complexes. Following 

uptake the chaperone protein-escorted peptides are processed and re-prescnted on MHC 

molecules generating antigen-specific T cell responses. Considering the critical roles that 

CTLs play in the control of tumor cell growth (138), it is therefore important to study 

whether BCR-ABL peptides, which are chaperoned by 12B1 CRCL as indicated above 

(Figure II-1), are cross-presented to MHC class I molccucs for T cell priming. We 

therefore explored whether immunization of 12B1-derived CRCL did indeed induce 

BCR-ABL specific CTLs in vivo. We found that splenocytes from mice immunized with 
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CRCL loaded DCs specifically lysed BCR-ABL peptide coated DCs, but not irrelevant 

peptide coated DCs. Similarly, splenocytes from mice immunized with BCR-ABL 

peptide loaded DCs lysed CRCL coated DCs (Figure II-2). These findings clearly 

demonstrate that immunization of CRCL induce BCR-ABL specific CTLs. They further 

indicate that DCs process CRCL chaperoned antigens and cross-present the escorted 

antigenic peptides, including the BCR-ABL peptides to T cells in vivo. The adjuvant 

effects of CRCL on DC may facilitate this process (100), (101). Together, we have 

immunologically confirmed the presence of BCR-ABL peptides in 12B1-derived CRCL. 

The absence of BCR-ABL protein in CRCL as demonstrated by Western Blotting (Figure 

II-3) further confirmed that the BCR-ABL specific IFN-y production as well as CTL 

activity of CRCL immunization were not due to adventitious vaccination with the p210 

protein. 

In addition to HSF70, HSP90, GRP94/gp96, and CRT, other chaperone protein members 

are also present in the CRCL fractions, such as BiP/grp 78, grp75, small amounts of 

HSP72, HSP 40, and other unidentified proteins(17). We have preliminary data to 

indicate that immunodepletion of GRP94/gp96, HSP90, HSP70, and calreticulin from 

CRCL reduces—but does not completely abrogate—the effectiveness of CRCL-pulsed 

DCs to stimulate T cells (as assayed by IFN-y release). It is therefore possible that other 

proteins in the CRCL may contribute to the superior immunogenicity demonstrated in 

these studies. Identifying the role of each of these proteins is critical and may help in the 

discovery of additional immunogenic chaperone proteins. 
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The efficacy of BCR-ABL peptide based immunotherapy against CML has been widely 

studied (102),(103). We have previously reported that immunization of mice with DCs 

loaded with the synthetic BCR-ABL chimeric nonapeptide, GFKQSSKAL, generated 

BCR-ABL -specific CTL in vivo (80). Bcr-abl fusion gene is the primary mutation that 

leads to malignant transformation; however, secondary mutations often occur (104). 

Therefore, leukemic cells can easily escape immune responses generated by single 

peptide vaccination. On the contrary, since CRCL may carry multiple antigenic peptides, 

therefore immunization with CRCL may induce more potent immunity when compared 

to single peptide immunization. In addition, CRCL have been shown to activate DCs 

(94). and to enhance the immunogenicity of apoptotic tumor cells (100). With these 

adjuvant effects, CRCL are likely to confer superior immunogenicity compared to a 

single peptide. We tested this by comparing the potency of immunization with DCs 

loaded with BCR-ABL peptide or with 12B1-derived CRCL. We showed that 

vaccination with DCs loaded with CRCL led to significantly higher survival rates for 

12B1 tumor challenged mice (Figure II-4). 

To optimize immunity against CML, we next examined the effects of combining DC / 

CRCL vaccine with a chemotherapy drug, imatinib mesylate. Imatinib mesylate has been 

shown to be an effective agent for the treatment of CML due to its specific targeting of 

BCR-ABL kinase activity. However, combining imanitib mesylate with other effective 

agents appears vital since drug resistance to imatinib is clearly an emerging problem in 



CML (26), (27). We found that adding an effective vaccine approach to imatinib 

treatment can significantly improve the survival of mice bearing 12B1 tumors. 

Combination treatment with imatinib and DCs pulsed with 12B1-derived CRCL was able 

to cure up to 63% of mice with 12B1 tumors. Moreover, mice receiving combination 

therapy were found to have higher splenic IFN-y production and increased CTL activity 

when compared to those receiving imatinib or DC/CRCL alone. 

Imatinib has been shown to induce apoptosis in bcr-abt leukemia cells (107), (108), 

(109). In our study, imatinib induced apoptosis of 12B1 cells both in vitro and in vivo as 

demonstrated by Annexin V staining and TUNEL assay; however, no measurable 

immune responses were generated by these apoptotic cells. Our data are consistent with 

a recent study demonstrating the failure of imatinib to induce proteinase 3 specific CTLs 

in CML patients (110). We have previously reported that apoptotic 12B1 cells are not 

immunogenic (64), (100). Heat shock treatment, which leads to increased cell membrane 

HSP60 and 70 expression, converted non-immunogcnic apoptotic 12B1 cells into 

immunogenic ones. Imatinib upregulated total cellular HSP70 expression as measured by 

Western blotting. However, we observed only a minimal increase in membrane HSP70 

as determined by flow cytometry. HSP60 levels were not affected by imatinib treatment. 

These data may partly explain the lack of immune responses in imatinib treated mice. 

We have previously shown that CRCL derived from liver could act as a potent adjuvant if 

utilized in conjunction with apoptotic tumor cells (100). It is therefore likely that the 

imatinib-induced apoptosis of 12B1 releases tumor antigens, and when given in 
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combination with CRCL that has both antigenic as well as adjuvant effects, leads to an 

enhanced anti-tumor immune response. 

It has been reported that imatinib significantly enhances antigen presentation by bone 

marrow derived APCs (121). We reasoned that in mice treated with combination 

therapy, both imatinib and CRCL enhanced APC activity, therefore more potent immune 

responses were generated as demonstrated by increased IFN-y production and superior 

CTL activity. Other formal possibilities may exist to explain the enhanced response; for 

instance, imatinib may reduce leukemia burden sufficiently to overcome an associated 

leukemia-induced immunosuppression, which would be evidenced in the increased IFN-y 

output by immune effector cells in tumor-bearing mice treated with imatinib and 

DC/CRCL vaccines. Imatinib may also suppress regulatory T cells that can be 

envisioned as tolerizing entities, presumably to avoid autoimmune responses. Breaking 

this tolerancc may result in greater activation of T cells that recognize "near self in the 

tumor. We are actively pursuing mechanistic answers to the question of how the 

combination therapy improves treatment outcomes via the immune system. 

In conclusion, we have clearly demonstrated that stressed apoptotic 12B1 cells or 12B1 

tumor-derived CRCL activated/matured DCs and were able to induce potent, long lasting 

and specific T cell-mediated immunity against CML. In addition, CRCL-pulsed DCs 

may be combined with targeted imatinib chemontherapy to cure a high percentage of 

mice of the disease. A FS-IEF technique can be used to enrich for multiple chaperones 
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from tumor lysate and is relatively easy and rapid, yielding sufficient immunogenic 

material for clinical use. DCs loaded with CRCL may provide a practical and effective 

strategy for the development of a clinically useful anti-cancer vaccine. 
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APPENDIX 1: EXOGENOUS STRESS PROTEINS ENHANCE THE 

IMMUNOGENICITY OF APOPTOTIC TUMOR CELLS AND 

STIMULATE ANTITUMOR IMMUNITY 

Hanping Feng, Yi Zcng, Michael W. Graner, Anna Likhacheva, Emmanuel Katsanis 

Al.l ABSTRACT 

We have previously reported that apoptotic tumor cells can be either immunogenic or 

nonimmunogenic in vivo, depending on whether or not these cells are heat stressed before 

induction of apoptosis. Stressed apoptotic cells express heat shock proteins on their 

plasma membranes and dendritic cells are capable of distinguishing them from 

nonstresscd apoptotic cells. Here we provide evidence that when purified heat shock 

protein 70 or chaperone-rich cell lysate (CRCL) from syngeneic normal tissue is used as 

an adjuvant with nonimmunogenic apoptotic tumor cells in vaccination, potent antitumor 

immunity can be generated. This antitumor immunity is mediated by T cells because 

antitumor effects are not observed in either severe combined immunodeficiency or T cell-

depleted mice. Wc further demonstrate that vaccination of mice with apoptotic tumor 

cells mixed with liver-derived CRCL as adjuvant was capable of enhancing the 

production of Th 1 cytokines, inducing specific cytotoxic T lymphocytes and eliciting 

long-lasting antitumor immunity. Stress proteins from autologous normal tissue 

components therefore can serve as danger signals to enhance the immunogenicity of 

apoptotic tumor cells and stimulate tumor-specific immunity 

A1.2 INTRODUCTION 



It is well accepted that antigen presenting cells [APCs] can efficiently acquire antigens 

from apoptotic tumor cells and present them to T cells (40, 47-49). The immunological 

consequences of this remain controversial (42, 43). Macrophages and dendritic cells 

(DCs) phagocytose apoptotic tumor cells through a receptor mediated pathway (47-49), 

tumor antigens can then gain access to the cytoplasm and be cross presented on the 

APCs MHC class I molecules (40, 47). Therefore, apoptotic tumor cells induced by 

chemotherapy or radiotherapy can theoretically be a suitable antigen source for 

stimulation of anti-tumor responses. We have previously reported that apoptotic 12B1-

D1 leukemia cells can cither be immunogenic or non-immunogenic in vivo depending 

upon whether or not these cells are heat stressed prior to apoptosis induction (64). 

Furthermore, we have found that DCs are capable of distinguishing the stressed apoptotic 

tumor cells from non-stressed ones(91, 101) . We have also demonstrated that stressed 

apoptotic tumor cells express heat shock proteins (HSPs) on their surface, which appear 

to play a critical role in enhancing their immunogenicity (64). 

Tumor-derived HSPs also called chaperone proteins, when used as vaccines, can induce 

protective immunity against their tumors of origin (58). In our studies we found that 

vaccination with multiple HSPs/chaperone proteins enriched from tumor lysate by free 

solution isoelectric focusing (FS-IEF) provided specific anti-tumor immunity in various 

tumor models (13), (94). Some important chaperone proteins such as gp96, HSP90, 

HSP70, and calreticulum enriched by this method tend to complex together (17). We 

refer to the FS-IEF-derived preparation as chaperone-rich cell lysate (CRCL). We have 
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previously reported that tumor-derived CRCL have superior abilities to stimulate DCs 

when compared to purified individual HSPs such as HSP70 and gp96 (94), which have 

been widely used as tumor vaccines in mice and in humans (139, 140). 

Several mechanisms have been proposed to explain how these HSP complexes, which 

carry tumor derived peptides as part of their chaperoning functions, can elicit immune 

responses (59-61). One possible hypothesis is that chaperone complexes not only supply 

antigens to the immune system but also danger signals (59-61). These adjuvant 

effects/danger signals activate APCs such as DCs leading to more efficient processing 

and presentation of HSP chaperoned peptides (62, 63). We have previously reported that 

heat stress induces HSP expression on the surface of apoptotic 12B1-D1 cells and 

increases their immunogenicity.(64), (101). We therefore reasoned that the 

immunogenicity of nonstressed apoptotic cells (which do not express HSPs on their 

surface) may also be enhanced if an exogenous source of HSPs is present at the 

vaccination site. To test our hypothesis, normal syngeneic liver-derived chaperone 

proteins (devoid of tumor-specific antigenic peptides) were coinjected with nonstressed 

apoptotic tumors. This resulted in the reproducible generation of durable and specific T 

cell-mediated antitumor immunity. Nonstressed apoptotic cells alone or when combined 

with liver lysate, generated by freeze-thaw and not enriched for chaperone complexes, 

were ineffective vaccines. Therefore, we have demonstrated that normal tissue (liver) 

CRCL may function as effective danger signals for the immune system. FS-IEF is a 

simple and rapid method for the generation of natural vaccine adjuvants active in 
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enhancing immunogenicity of apoptotic tumor cells resulting in the generation of potent 

antitumor immunity. 

A1.3 MATERIALS AND METHODS 

Mice: Six to ten week old female BALB/c (H-2d) mice (Harlan Sprague Dawley, 

Indianapolis, IN) and C.B-17 scid/scid (University of Arizona animal breeding facility) 

were used for the experiments. The animals were housed in a dedicated pathogen-free 

facility and cared for according to the University of Arizona Institutional Animal Care 

and Use Committee guidelines. 

FS-IEF for chapcronc enrichment and conventional purification of HSP70: Methods 

to enrich CRCL from tumors or naive BALB/c mouse liver have been described 

previously (17). Briefly, tumor or liver tissue was homogenized in lysis buffer and a 

100,000g supernatant was obtained. The high-speed supernatant was subjected to FS-IEF 

in a Bio Rad Rotofor cell for 5 h at 15 W constant power. Twenty fractions were 

harvested, and each fraction was analyzed by SDS-PAGE and Western blot probing with 

specific antibodies for the chapcrones HSP70, 72, 90, gp96, and calreticulin (CRT). 

Fractions from FS-IEF that contained substantial amounts of above chaperon proteins, as 

determined by SDS-PAGE and Western blotting, were pooled and dialyzcd stepwise out 

of urea and detergents (starting in 0.1 x phosphate-buffered saline (PBS), 4 M urea, and 

0.025% detergents, ending with 0.1 x PBS). Pooled fractions were then concentrated 
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using Centricon devices, reconstituted in PBS and stored in -70C until use. Purification 

of liver HSP70 was done via conventional and nucleotide-affinity chromatography as 

previously described (13). 

Induction of apoptotic eel death in 12B1-D1 cells : To induce 12B1-D1 cells to 

undergo apoptosis, cells were treated with 40 nM AP2087 for 6 hours as described 

previously(64)or with 100 fig/mL mitomycin C (Mit-C) for 1 hour. To confirm that 

12B1-D1 cells were dying by apoptosis after Mit-C treatment, we performed annexin V-

fluorescein isothiocyanate (FITC) and propidium iodide (PI) staining using the annexin-

V-FLUOS staining kit (Roche, Indianapolis, IN) followed by flow cytometric analysis of 

cells. DNA fragmentation analysis was performed using the apoptotic DNA ladder kit 

from Roche. 

In vivo tumor growth experiments: In the prophylactic model, mice were immunized 

with 2x10® mit-C treated cells, with or without 20 jj-g/mouse per vaccination of CRCL or 

HSP70, by subcutaneous injection into the left groin on days -14 and -7. On day 0, mice 

were challenged with 2x10^^ (LDioo) viable 12B1 -D1 cells. Tumor size was measured 

every other day with calipers once the tumors became palpable. Tumor volume was 

calculated using the formula; length X width" x TI/6. Differences in mean tumor volume 

between groups were compared using an unpaired t test. Mice with tumor were 

euthanized at the end point listed. Tumor free mice were kept for rechallenge 
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experiments. In rechallenge experiments, 2x10"^ 12B1-D1, 10^ 12B1, or 10® A20 

leukemia cells, all LDioo doses, were injected into the right groin 56 to 80 days after the 

first challenge. 

In the pre-eixsting tumor model, mice were injected with 2x10"^ (LDioo) viable 12B1-D1 

cells in right groin on day 0. On day 1 or 3, mice were vaccinated as indicated by 

subcutaneous injection into the left groin. Tumor volume was measured at indicated time 

points. 

In depletion experiments, on days -3,-1, 1, and 7, mice were intraperitoneally injected 

with 200 ^ig/mouse anti-CD4 (clone GK1.5) (66), and/or anti-CD8 (clone 2.43) (141) 

monoclonal antibodies. Flow cytometry of splenocytes confirmed depletion of T cell 

subsets. 

ELISPOT Assays: ELISPOT assays were performed to assess the interferon-gamma 

(IFN-y) production of splenocytes (SC) from vaccinated mice following in vitro 

stimulation with apoptotic cell-pulsed DC. Day 5 DC were pulsed with mit-C induced 

apoptotic 12B1-D1 cells (at 1:1 ratio) for 24 hours and then washed three times. DC 

were then co-incubated with SC obtained from mice that had received vaccinations with 

apoptotic tumor cells with or without liver-derived HSP70, or CRCL, or PBS alone. 

SC/DC were co-cultured for 24 hours on Millipore MultiScreen-HA 96 well plates 

(MAHA S45, Millipore, Bedford, MA). The plates had been previously coated overnight 

with anti-IFN-y capture antibody (10 )j.g/ml, clone R4-6A2, rat Mab anti-mouse IFN-y, 


