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Abstract

The histologic subtypes of malignant glial neoplasms range from anaplastic
astrocytoma to the most deadly World Health Organization (WHO) Grade IV
glioblastoma (GBM), the most common primary brain tumor in adults. Over the past 40
years, only modest advancements in the treatment of GBM tumors have been reached.
Current therapies are predominantly for palliative endpoints rather than curative,
although some treatment modalities have been shown to extend survival in particular
cases. Patients undergoing current standard of care therapy, including surgical
resection, radiation therapy, and chemotherapy, have a median survival of 12-15
months, with less than 25% of patients surviving up to two years and fewer than 10%
surviving up to five years. A variety of factors contribute to standard treatment failure,
including highly invasive tumor grade at the time of diagnosis, the intrinsic resistance
of glioma cells to radiation therapy, the frequent impracticality of maximal tumor
resection of eloquent cortical structures, and the fragile intolerance of healthy brain for
cytotoxic therapies. Treatment with immunotherapy is a potential answer to the
aforementioned problems, as the immune system can be harnessed and educated to
license rather potent antitumor responses in a highly specific and safe fashion. One of
the most promising vehicles for immunotherapy is the use of dendritic cells, which are

professional antigen-presenting cells that are highly effective in the processing of foreign

iv



antigens and the education of soon-to-be activated T cells against established tumors.
The work outlined in this dissertation encompasses the potential of dendritic cell
therapy, the current limitations of reaching full efficacy with this platform, and the
recent efforts employed to overcome such barriers. This work spans the characterization
and preclinical testing of utilizing protein antigens such as tetanus-diphtheria toxoid to
pre-condition the injection site prior to dendritic cell vaccination against established
tumors expressing tumor-specific antigens.

Chapter 1 comprises an overview of the current standard therapies for malignant
brain tumors. Chapters 2 and 3 provide a review of immunotherapy for malignant
gliomas in the setting of preclinical animal models and discuss issues relevant to the
efficacy of dendritic cell vaccines for targeting of GBM. Chapters 4 provides the
rationale, methodology, and results of research to improve the lymph node homing and
immunogenicity of tumor antigen-specific dendritic cell vaccines in mouse models and
in patients with newly diagnosed GBM. Chapter 5 delineates the interactions
discovered through efforts in Chapter 4 that comprise protein antigen-specific CD4+ T
cell responses to induced chemokines and how these interactions result in increased
dendritic cell migration and antitumor responses. Lastly, Chapter 6 discusses the future
utility of migration of DC vaccines as a surrogate for antitumor responses and clinical

outcomes.



This dissertation comprises original research as well as figures and illustrations
from previously published material used to exemplify distinct concepts in
immunotherapy for cancer. These published examples were reproduced with
permission in accordance with journal and publisher policies described in the Appendix.

In summary, this work 1) identifies inefficient lymph node homing of
peripherally administered dendritic cells as one of the glaring barriers to effective
dendritic cell immunotherapy, 2) provides answers to overcome this limitation with the
use of readily available pre-conditioning recall antigens, 3) has opened up a new line of
investigation for interaction between recall responses and host chemokines to activate
immune responses against a separate antigen, and 4) provides future prospects of
utilizing chemokines as adjuvants for additional immunotherapies targeting aggressive
tumors. Together, these studies hold great promise to improve the responses in patients

with GBM.

vi



Dedication

This dissertation is dedicated to my father, Stephen, my siblings, Leonora, Marie,
and Glenn, and my loving family and friends, who have given their undying support
through every step of the way. I want to especially dedicate this work to my mother,
Rita, who will continue to embark with me on this trajectory and taught me that formal

education can earn you a living, but self-education provides you a fortune.

vii



Contents

ADSLIACE ... iv
List Of TabIeS......ccviiiiiiiiiiiiiicc s xiv
LiSt Of FIGUTES ...ttt XV
ACKNOWIEAGEMENLS ... xix
1. Standard of Care Therapy for Glioblastoma............cccccuvruieciiiiiinniiiiinicccceee 1
1.1 Prognosis and Assessment of Therapeutic Response...........cccccoeveveiiieiieieicieiciccncnnes 2

1.2 Current Therapies for Primary and Recurrent GBM...........ccccooooviiiiiiiiiiiiiccns 5
1.2.1 Re-Irradiation Therapy for Primary and Recurrent Disease...........cccccoovevrnenene. 6
1.2.2 Antiangiogenic Treatment for GBM ........cccccceoiviniiiininiiiniiccinnceeeeeenee 9

1.2.3 Cytotoxic Therapies with Temozolomide..........cccoeeuiviniiiinniiiiinicinieccne 24

1.2.4 Dose-Intensified Temozolomide Administration...........cccceeeviiiiiiiiiinnne. 25

1.3 Bypassing and Direct Manipulation of the Blood-Brain Barrier.............cccccccoeue..e. 27

1.4 DISCUSSION.....viuiitiiitiietcteictei et 29
1.4.1 The EGFRVIII MUtation ......c.ccccciiiiiiiiiiiniiiicc s 30
1.4.2 Targeting Cytomegalovirus in GBM..........ccccocoeiiiiiiiininiiiiiiiiccce 31
1.4.3. Novel Tumor-Specific Antigens in Malignant Gliomas: IDH-1 and TERT......32

2. Immunotherapy for Malignant Gliomas: Preclinical In Vivo Experiments in Animal
IMOAELS ... 35

2.1 Overview of Immunotherapy for Glioblastoma: Active Immunotherapy with
Vaccination or Adoptive Strategies ............coeeveveveieieicicicicccccc e 35

2.2 The Immunoprivileged Central Nervous System...........cccceeeecinviiicininccnninccnnne. 36

viii



2.2.1 Antigen Recognition within the Central Nervous System.........c.cccccccveuvucinennnnes 39

2.3 Review of Animal Models for Immunotherapy........c.ccccccceviicnniiinnnicinnicne, 41
2.3.1 Proof of Concept STUAIES.......c.ccvviviriiiniiiiiiiiiiirccceeeeee e 42
2.3.2 Applications of Syngeneic versus Human Xenograft Models..............cccccccuee. 44
2.3.3 Transgenic Mouse Models ..........ccoovviinininiiiiiiiiieiccccccc s 46

2.4 Cellular Based Strategies ............cocoovveieinieieiiinieiciciciccccccccc s 48
2.4.1 Active Immunotherapy with RNA-Transfected Dendritic Cells........................ 49
2.4.2 Adoptive T cell TRETaPY ....ccceueivivieiiiiriciciiiceene e 51

2.5 Brain Tumor Stem Cells: A Future Immunotherapeutic Target........c.cccccccevuvueuenee. 53

2.6 Future DIreCtions.........cccciiiiiiiiiiiiiiiiiicncccc s 54
2.6.1 The Multi-antigenic Vaccine Approach ............ccoeeeiccccccce 55
2.6.2 Overcoming GBM Disarmament and T cell Exhaustion .........cccccccoevvvnennnnnnnn. 57

2.7 DISCUSSION.....cuivitiiitietitietctetc ettt a s 58

3. Issues Relevant to Efficacy of Dendritic Cell Vaccines for Glioblastoma....................... 61

3.1 Enhancing Dendritic Cell Vaccination ..........cccccoeeeeiviniiininccininiccineccneeeene 62

3.1.1 Maturation of Dendritic Cells with Adjuvants and Costimulatory Agents......64

3.1.2 Overcoming Limited Migration of Dendritic Cell Vaccines to Site-Draining

Lymph NOAES ......oovviiiiiccctcc e 69
3.1.3 Frequency of Dendritic Cell Vaccination Dictates Immune Responses............. 73
3.2 Dendritic Cell Vaccines in Clinical Studies............cccceiiiiiiiiiiiiiiee 74

3.3 Multimodal Therapy: Dendritic Cell Vaccines with Adjuvant Temozolomide and
Radiation Therapy ... e 84

3.4 Overcoming Tumor Immune ESCape..........cccoeiieiiiiniiiiiiicc 86

ix



3.4.1 Mechanisms of Tumor Antigen Escape..........ccccoeeicinniiiiinnccninniiiriicccnes 86
3.4.2 Tumor-Induced Immune SUPPression ... 89

4. Tetanus Toxoid and CCL3 Improve Dendritic Cell Vaccines in Mice and Patients with

GLODBIASTOMIA.......ciiiiiiiiiic 92
4.1 INtrOdUCHON. ...t 92

4.2 Materials and Methods...........ccccooiiiiiiiiiiiiiii 94
4.2.1 Patient Selection, Demographics and Clinical Protocol..........cccccceceveiviiiininnnnes 94

4.2.2 Human Autologous DC Generation for Vaccination and Production of pp65-

LAMP/A64 MRINA ...ttt 96
4.2.3 Human DC Migration Studies............cccoeueveieiniiicicccicccccccees 97
4.2.4 Progression-Free and Overall Survival ... 97
4. 2.5 MICE ..ottt 98

4.2.6 Generation of Murine Bone Marrow-Derived DCs, Electroporation, and

PRENOTYPING ...ttt 98
4.2.7 Vaccine Site Pre-Conditioning and DC Vaccination in Mice .........cccccceeeeennnes 99
4.2.8 Depletion, Adoptive Transfer, and CCL3 Reconstitution ............cccccceeeveurcnnnes 100
4.2.9 Tumor Implantation EXperiments ...........c.cccoeeeeencccceceeees 101
4.2.10 Mouse Tumor Cell Lines ..o 102

4.2.11 Murine Lymph Node Digestion and Quantification of Fluorescent and

ENdOGEnous DICS ..ottt 103
4.2.12 Serum Cytokine and Chemokine Analysis.........ccccovueirinreicnncininiccinnes 104
4.2.13 Expression of Chemokines CCL3 and CCL21 in Mice........cccceeueiiniiuinrinnnnns 105
4.2.14 Statistical ANALySiS........cccovviriririiiriiiiiniiee e 105



.3 RESULES .ttt ettt e et e e e e et e e e seeat e e e et e e s et e e sea it e e senateesenaaeens 106

4.3.1 Increased Dendritic Cell Migration and Enhanced Patient Outcomes with Td
Pre-CONitiONINE .....c.ccovviiiiiiiiiiiiiiec e 106

4.3.2 Td Recall Response Mediates Increased Dendritic Cell Migration to Bilateral

Lymph NOAES .....oovieiiicc e 113
4.3.3 Elevated CCL3 Promotes Lymph Node Homing ..........ccccoevvvviviviiinnnninnnnnnen. 122
4.3.4 Td-elicited CCL3 Increases Dendritic Cell Homing with CCL21 Upregulation
............................................................................................................................................. 131
4.3.5 Reduced Tumor Burden in Td Pre-conditioned Mice..........cccccovvvvninininininnnne 133
4.4 DISCUSSIONN.....cviuiiiniitiniitcietctet ettt a s 136
5. Recall CD4+ T Lymphocytes and CCL3 Potentiate Dendritic Cell Vaccines and
ANIUMOT RESPONSES ......eviiiiietct e 138
5.1 INtroduction......c.cucuiiiiiiiiii s 138
5.2 Materials and Methods...........cccccoviiiiiiiniiinininiicccces 140
5.2.1 Animal Models and Tumor Cell Lines...........ccccccevuruiiiiiiiiiiniinien 140
5.2.2 Generation of Mouse Bone Marrow-Derived Dendritic Cells........................... 141
5.2.3 Immunizations in MICE........cccccviuiviiiiiniiiicccc 141
5.2.4 Depletion and Adoptive Transfer Experiments...........ccoovvevivivivininnnnninnnnnnnn. 142
5.2.5 Quantification of Antigen-Specific T Cells in Individual Tissues.................... 143
5.2.6 Mouse in vivo Migration Experiments............ccccccoeiviiniiniiiciiiniiiiee, 144
5.2.7 Serum and Skin Chemokine EXpression............cccceeeivivnicnninccnninccineenene. 145
5.2.8 Tumor Implantation...........cccoeeiiiniiiininiiiii e 146
5.2.9 Statistical ANalysis........cccoeeiiiiiiiiii e 147

xi



B3 RESULILS ..ottt et e e et e e e et e e sessateeseesateeseesaeesesssaeesessaeeeseessteesanns 147

5.3.1 Recall Antigen-Specific CD4+ T Cells Rely on CCL3 for Influx into Skin Pre-
COoNAitioNING SIEES .....vviuiiieiiiiciciiec e 147

5.3.2 Td-Activated CD4+ Infiltration into Skin Sites Does not Require CCR5
EXPIESSION ..ottt 150

5.3.3 Skin Pre-Conditioning with Protein Antigen Formulations Results in Locally
Induced CCL3 and Increased DC Migration to Draining Lymph Nodes................ 153

5.3.4 Depletion of the CD4+ Compartment Diminishes Induced CCL3 and
Erythematous Induration at Skin Pre-Conditioning Site...........cccccoveiinniiinnnnnee. 155

5.3.5 Recall response with Td pre-conditioning Prior to DC Vaccination Results in
Enhanced Tumor Antigen-Specific T Cell Responses...........ccccoevvveviiiieieiereieicicicncncnes 158

D4 D IS CUSSION . .eevvvveeieeiereeeeetereeereeerereeererereseeeseseaesesasraesaassasesesssasessssssssassssssesssssasssasesssssssssases 161

SHUAIES ..o 164
6.1 Migration Efficiency of Dendritic Cell Vaccines.........ccccoeeivivicicininiiciniiccninnnes 164
6.1.1 Clinical StUdIes .........ccccovvviiiiiiiiiiiiiii e 165
6.1.2 Preclinical Investigations............cceeueveieiiicciiii 168

6.2 Validation Studies for Enhanced Dendritic Cell Migration: The ELEVATE Trial

............................................................................................................................................... 174
0.2.1 StUAY DESIGIN ... 174
6.2.2 Study Objectives and ENdpoints..........cccceueeiniriiiininiiincciincceceee 176
6.2.3 Study SChema........cccoiiiiiiiiiiiici e 177
6.2.3 Randomization Strategy ...........ccceeeueueieicicicciiccc 177
6.2.4 Statistical Methods and Data Analysis..........ccccoeevviniiinininininiininieeeeccccne 178

0.2.4.1 ANALYSIS SELS .....uimiiiiiiiiiiiiicc s 178

xii



6.2.4.2 Patient Demographics and Other Baseline Characteristics....................... 178

0.2.4.3 Treatments .........cccovivviiiiiiii 178
6.2.4.4 Primary ObJECtiVeS........ccoeiviviiiiiiiiciiiccecec s 179
6.2.4.5 Secondary ODbjectiVes...........coovueieieicieicicicccc 180
6.2.4.6 Exploratory ObjJectiVes..........ccceueveieieicicicicicccc s 180
6.2.4.7 Sample Size Calculation............cccoeueveieieccici 181
APPEINAIX..iiiiiiiiiieic e 184
BIOGTaAPRY . 229

xiii



List of Tables

Table 1: Recent clinical trials employing antiangiogenic therapy for recurrent
GLIODIASTOMA. «...eeeee s 13

Table 2: Recent clinical trials evaluating antiangiogenic therapy for newly diagnosed

GLIODIASTOMA. «....veee s 17
Table 3: Conserved and tumor-specific antigens identified in malignant gliomas............ 30
Table 4: Recent clinical trials employing DC immunotherapy for malignant gliomas.....75
Table 5: Patient demographic and prognostic markers from the ATTAC clinical. ......... 107

Table 6: ATTAC expected and observed outcomes in patients receiving pp65-DC
vaccines +/- Td pre-conditioning. ..........cccevuviiiiiniiiiiicnc e 111

Table 7: Study Objectives for the ELEVATE Clinical Study Using Pre-Conditioning with
Td TOXOI. .o 176

Xiv



List of Figures

Figure 1: Molecular targets of antiangiogenic agents in GBM. .........ccccccccevviiinncinnnnes 10
Figure 2. Schematic representation of a DC-based vaccine preparation............cccocevune.. 65
Figure 3: Launching the immune reSponse. .........cococouvvvveinininieieieieieciececcccc e, 70
Figure 4: Schema of clinical trial. ..o, 107
Figure 5: Td pre-conditioning increases DC migration to VDLNSs in patients................. 109

Figure 6: Patients receiving Td pre-conditioning prior to vaccination with pp65-DCs

show significantly improved progression-free and overall survival. ..........ccccccvvnnneeee. 110
Figure 7: Td pre-conditioning is associated with improved clinical outcomes. .............. 113
Figure 8: Preclinical modeling of the ATTAC clinical trial. ..........ccccoeiiiiiine, 114

Figure 9: Td pre-conditioning improves migration of OVA mRNA-electroporated DCs in
mice towards afferent draining lymph nodes..........ccccccveiivniiinniinniicce 115

Figure 10: Td recall response is needed for increased DC migration to draining inguinal
LyMPR NOAES. .o 116

Figure 11: Recall responses induced by other CD4+ T-cell-dependent protein antigens
increase DC migration to VDLINS. ..o, 117

Figure 12: CD4+ T cells activated by Td recall responses increase DC migration to
VDLNS. ottt 118

Figure 13: Td pre-conditioning at single vaccine site results in bilaterally increased DC
migration in both mice and patients. .........coeeiviiiiniiie 119

Figure 14: Bilateral migration of OVA-DCs after Td pre-conditioning or Td-activated
CD4+ T-cell transfer. ........cciviviiiiiniiiiiic s 120

Figure 15: Unilateral pre-conditioning with unpulsed DCs or TNF-a results in increased
DC homing to ipsilateral draining inguinal lymph nodes..........cccoccoecevviiinnniinnnnnee. 121

XV



Figure 16: Serum cytokine and chemokine profile after Td pre-conditioning in patients
AN TNICE. ..o 122

Figure 17: Fold increase in serum chemokines after Td pre-conditioning in patients and
04 F T4 OO OO OSSO 123

Figure 18: Td vaccine site pre-conditioning results in CCL3 upregulation in Td-immune
ROSES. e 125

Figure 19: Host-derived CCL3 is required for Td-mediated increased DC homing to
draining lymph NOAES. ..o 126

Figure 20: Migratory DC subsets in wild-type and Ccl3~~ mice after induction of Td recall
TESPOTISES. ..viutriuietistetite sttt ettt ettt b et b e b et bbb bbbt b e b b e b e b e bbb e se b e b b e e b et b bbbt tan 127

Figure 21: Anti-tetanus toxoid memory responses are induced and maintained in wild-
type and Ccl37~ mice throughout Td priming and boosting.............ccccceveeeiiiiciinnnnen. 128

Figure 22: Td-activated CD4+ T cells fail to replicate increased DC migration in Ccl37~
ROSES. .o 129

Figure 23: Td recall responses and induced CCL3 cooperate to facilitate DC migration to
VDLINS. ot 130

Figure 24: Cooperation between Td recall response and CCL3 result in increased CCL21
within skin pre-conditioning..........cccoceiiiiiiiii 131

Figure 25: CCL21 levels in draining lymph nodes ipsilateral and contralateral to site of
Td pre-conditioning in Wild-type mice........coceeiviviiiiiiniiiiiriiceeee e, 132

Figure 26: Increased CCL21 in draining lymph nodes following Td pre-conditioning and
CCL3 reconstitution in Ccl37 hosts. ......ccccceiviviiiiiiiiiiiie 133

Figure 27: Td pre-conditioning improves responses in tumor-bearing mice and is reliant
on tumor antigen SPECIfiCity. ..o 134

Figure 28: Td-treated mice deficient in CCL3 show a lack of protection against
established B16-OVA tUMOTS. .........ccciiiiiiiiiiiii s 135

Figure 29: Antitumor responses under Td pre-conditioning are reliant on functional
CCLI9-CCL2T AXIS. cuutuiuiiiiiriiiiiiieisieieie et 136

Xvi



Figure 30: Increased CD4+ T cell infiltrate in skin pre-conditioning sites following Td

Figure 31: CD4+ T cell influx into skin Td pre-conditioning sites is abrogated in Ccl3-/-
ROSES. o 150

Figure 32: CCR5 on Td-activated CD4+ T cells is not required for infiltration to skin sites
following Td antigen deposit. ... 151

Figure 33: Wild-type and Ccr5-/- generate similar levels of humoral immunity to tetanus
EOXOIA. e 152

Figure 34: Recall responses by pre-conditioning with 85B protein antigen formulation
results in local induction of CCL3 at skin Site..........ccccovuiiiiiniiiiiniiiiice, 154

Figure 35: Recall responses by primary immunization and pre-conditioning with 85B

protein enhances homing of OVA-DCs to draining inguinal LNs. ...........cccocooviiinne. 155
Figure 36: Depletion of CD4+ T cells throughout Td immunization results in a loss of

induced CCL3 at the skin pre-conditioning site..........c.cocececiviriicinniiiininicirccne, 157
Figure 37: Skin site hypersensitivity following Td recall response. ..........cccccevvueuivnunenee. 158

Figure 38: Td Pre-Conditioning with OVA-DC Vaccine Increases Peripheral Tumor
Antigen-Specific T-Cell POpulation. ..o, 159

Figure 39: Td Pre-Conditioning Increases Ratio of Tcv/Tem OV A-Specific CD8+ T-Cell
Population OVer Time. ........cccceiviriiiiiiiiiiciecce e 160

Figure 40: The search for the perfect dendritic cell: highly-investigated parameters of DC
Figure 41: Biodistribution of monocyte-derived DCs after intradermal injection in
melanoma PatieNtS. .........ceeweiiieicicicccc s 166

Figure 42: Local inguinal lymph node uptake of 111In-DCs pulsed with CMV pp65

Figure 43: Biodistribution of subcutaneous, intradermal, and foot pad injected BMDC
from either "In-labeled DC 48 hours post-injection. ..........cccecececivvreininecinnnciineene. 168

XVvii



Figure 44: Vaccine site pre-conditioning to facilitate lymph node homing of dendritic

xviii



Acknowledgements

It is beyond a doubt that the research and ideas spanning this dissertation
embody the collaboration of several highly talented individuals. These distinguished
scientists and clinicians have taught me a great deal not only in the fields of tumor
immunology and pathology but have extended their efforts to foster a solid basis of
knowledge and understanding in the scientific method, in statistical considerations that
appropriately reflect the biologic underpinnings of our observations, and in the
elaborate construction of clinical studies. Many apprentices before me have been blessed
with the unique opportunity to learn from these leaders and have since reciprocated the
passion and the vigor to mentees such as myself, with the ultimate goal of developing
more meaningful and longer-lasting therapies for malignant brain tumors. I would like
to acknowledge Dr. Mahaley, Dr. Steinman, Dr. Sallusto, and Dr. Lanzavecchia, who
have, in their own scientific rights, paved the way for decades of insightful research in
tumor immunology, an unearthed path that I aspire to travel on for years to come.

I owe my deepest gratitude to Dr. John Sampson, my advisor and mentor. Dr.
Sampson has bestowed upon me the enthusiasm for knowledge and the passion for
markedly improved therapies for brain tumor patients. Dr. Sampson’s dedication and
tremendous knowledge have been exemplary for my training in the Duke Brain Tumor

Immunotherapy Program and will continue to propel my efforts in neurosurgical

Xix



training. I would also like to thank the undying support and scientific contributions of
my esteemed thesis committee members: Dr. Duane Mitchell, Dr. Smita Nair, and Dr.
Michael Gunn. I could not imagine where my efforts in this work would lie if it was not
for your continuous guidance. I would also like to extend my profound appreciation for
those within the Duke Brain Tumor Immunotherapy Program with whom I have
worked daily over the past four years. These include: Luis Sanchez-Perez, Gary Archer,
Gordana Vlahovic, Peter Fecci, Elizabeth Reap, Xiuyu Cui, Pam Norberg, Bob
Schmittling, Weihua Xie, Kendra Congdon, Beth Perry, Denise Lally-Goss, Sharon
Norman, David Snyder, Tracy Chewning, Adam Swartz, Carter Suryadevara, Katy
Riccione, and Patrick Gedeon. You have all taught me an incredible amount of
information both in the realms of rigorous science and practice in life. To those who
have greatly benefited this work and future studies by bestowing their own expertise-
Min-Nung Huang, James Herndon, Patrick Healy, and Dr. Olga James- I thank you for
sharing tremendous investment in these endeavors. And lastly, thank you to those who
have recently joined the program, as I have already been delighted to collaborate with
you all, and I look forward with high hopes to continue our endeavors together in

searching for the best therapies possible for prospective patients.

XX



1. Standard of Care Therapy for Glioblastoma

Grade IV glioblastoma represents the most common primary malignant brain
tumor in adults. Patients with glioblastoma undergoing current standard of care
therapy have a median survival of 12-15 months. Over the past 25 years, there have
been only modest advancements in the treatment of malignant gliomas.

Assessment of therapeutic responses has continued to evolve to account for the
increasing number of agents being tested in the clinic. The development of algorithm-
based methodologies that quantify tumor volume changes can further account for post-
operative biological alterations such as resection cavity collapse and subacute
hemorrhage, factors of which preclude accurate measurements using traditional
response criteria.

Currently approved therapies for primary malignant gliomas have been
extended for use in the setting of recurrent disease with modest efficacy. Conversely,
agents initially approved for recurrent gliomas have not demonstrated the same efficacy
against de novo tumors. Screening and identification of tumor-specific mutations is
critical for the advancement of effective therapy that is both safe and precise for the
patient. Two unique antigens found in glioblastoma are currently being employed as
targets for immunotherapeutic vaccines, one of which has advanced to phase III testing.
Whole genome sequencing of malignant gliomas has yielded two other novel mutations

that offer great promise for the development of molecular inhibitors.



1.1 Prognosis and Assessment of Therapeutic Response

GBM remains the most common primary brain tumor in the adult population.
Over the past 25 years, only modest advancements in the treatment of GBM tumors have
been reached. Current therapies are predominantly for palliative endpoints rather than
curative, although some treatment modalities have been shown to extend survival.
Without any therapy, GBM patients uniformly die within three months. Patients
undergoing current standard of care therapy, including surgical resection, radiation
therapy (RT), and chemotherapy, have a median survival of 12-15 months, with less than
25% of patients surviving up to two years and fewer than 10% surviving up to five years
(Stupp et al. 2002, Imperato, Paleologos and Vick 1990, Stupp et al. 2005). In order to
properly assess clinical responses to therapy or disease progression in patients with
MGs, medical centers require an assessment of both initial responses to treatment as
well as subsequent evidence of progressive disease. This approach has traditionally
utilized the Macdonald criteria, which rely upon alterations in two-dimensional tumor
measurements with contrast-enhanced computed tomography (CT) or magnetic
resonance imaging (MRI) (Macdonald et al. 1990). Revised criteria have been proposed
by the Response Assessment in Neuro-Oncology (RANO) group to address inaccuracies
in assessing patients with pseudoprogression or in assessing progressive disease in

patients with non-enhancing lesions (Wen et al. 2010).



Despite these revisions, current radiographic response criteria for progressive
disease following surgical resection are limited in their ability to detect changes
surrounding postoperative resection cavities (Mehta et al. 2011). This difficulty arises in
the inherent biology of these gliomas, which may contain large cysts or resection
cavities, serve as a reservoir for postoperative blood products that create false positive
MRI signal changes, and possess irregular shapes with satellite lesions and small
amounts of postoperative residual rim enhancement that are difficult to quantify. In
some circumstances, these cavities can collapse, dramatically altering the size and
configuration of these irregular enhancing areas. The Response Evaluation Criteria In
Solid Tumors (RECIST) criteria are not recommended for evaluating changes to
resection cavities, as these criteria consider all lesions that are either less than 1 ¢m or
cystic to be unmeasurable. To address these limitations, Kanaly ef al. have implemented
an algorithm to quantify enhancing tumor volume changes despite resection cavity
collapse and can detect enhancing tumor even when it is obscured by intrinsically bright
T1 images, such as subacute hemorrhage in a resection cavity (Kanaly et al. 2011). This
approach holds a strong advantage over relying on experienced operators to manually
outline the tumor volume and then perform the analysis, which brings forth a
considerable amount of intra- and inter-operator variability.

Important measures of treatment efficacy in phase II and III clinical trials for

patients with GBM include overall survival (OS), radiographic response, and the



duration of any treatment effect, or progression-free survival (PFS). Although OS is
considered the gold standard clinical endpoint, it does not directly measure the impact
of a specific regimen because of confounding factors, including standard of care and
salvage therapy. As a consequence, both radiographic response rate and PES are
valuable endpoints when attempting to isolate the relative efficacy of a given treatment
and to understand the nature of on-study progression (van den Bent et al. 2005). These
surrogate measures of tumor burden, however, have well-documented limitations,
including the potential for variability, the likelihood of false-positive signals, and the
discordance in radiographic interpretation between observers (Provenzale and Mancini
2012). Methodologies and techniques that are used to determine tumor response and
progression thus continue to evolve, with the goal of minimizing inherent biases and
improving accuracy. Neuro-oncologists have also included additional measures such as
more informative neurologic examinations and the requirement for steroid therapy in
response assessments to strengthen their value. The continued refinement of response
assessments is particularly important in the context of an increasing number of agents
that are being evaluated in patients with MGs.

With the advent of information about the oncogenic process and molecular
expression of these tumors, clinicians and scientists have undertaken endeavors to more
precisely target these tumors as monotherapies or in conjunction with current standard

of care therapy. The following review encompasses an explanation of current standard



of care treatments as well as the most promising targeted therapies suitable for clinical
scalability. Each section of the review includes a reporting strategy of the most recently
performed clinical studies, with both positive and negative results, that have been
identified in the Cochrane Database, ClinicalTrials.gov, and the EU Clinical Trials
Register. To eliminate common reporting biases (publication, citation, and outcome
reporting biases), a comprehensive search of clinical studies using currently approved
and investigational agents that were both recently shared at scientific meetings and that

challenge previous publications were included.

1.2 Current Therapies for Primary and Recurrent GBM

The current regimen for treatment of primary GBM tumors is surgical resection
(Stummer et al. 2006) in combination with RT and chemotherapy. To date, the U.S.
Food and Drug Administration (FDA) has approved only a select few therapies for
primary GBM tumors, which include nitrosoureas (lomustine and carmustine) and
temozolomide (TMZ). Oral lomustine received approval in 1976 (Parney and Chang
2003), and intravenous carmustine received approval in 1977 (Walker et al. 1978) for use
as single agents or in combination with other approved chemotherapeutic agents in
patients with primary or metastatic brain tumors who had already underwent surgery
or RT (Walker et al. 1980). Carmustine wafers are synthetic biodegradable polymers
impregnated with carmustine. This product was first approved in 1996 for the treatment

of recurrent GBM as an adjunct to surgery, and was subsequently approved in 2003 for



first-line treatment of high-grade MGs as an adjunct to surgery and radiation (Brem et
al. 1995, Valtonen et al. 1997). While treated patients demonstrated a longer OS
compared to placebo controls, approval was based on a reduction in systemic toxicity
using this locally applied therapy. In a phase III trial, 240 newly-diagnosed adults
undergoing resection of any type of MG were randomly assigned to placement of up to
eight carmustine wafers or a placebo, followed by standard RT. Patients receiving the
carmustine polymer had only a modest two month increase in median survival,
although statistically significant (13.9 versus 11.6 months). When the analysis was
restricted to patients specifically with GBM tumors, the difference in survival was not
statistically significant. Moreover, toxicities with carmustine polymers were similar to
the placebo with an additional increase in the incidence of cerebrospinal fluid (CSF)

leakage and intracranial hypertension compared to placebo (Westphal et al. 2003).

1.2.1 Re-Irradiation Therapy for Primary and Recurrent Disease

Essentially all patients with GBM recur after initial therapy, and the majority of
patients do not survive beyond one year after a diagnosis of recurrent disease (one year
survival following recurrence is approximately 20-25%) (Friedman et al. 2009,
Chamberlain 2011). The current difficulty in offering efficacious and durable treatments
has opened up a new area of research for the treatment of MGs. Presently, a number of

salvage approaches have been introduced. The first type of salvage therapy is



stereotactic radiosurgery (SRS), which is applied as a single dose. With this approach, it
is possible to deliver very high doses to small target volumes while sparing surrounding
healthy tissues (Combs, Debus and Schulz-Ertner 2007). The largest available
prospective cohort study on SRS determined the efficacy of SRS as a salvage treatment in
patients with recurrent MG. A total of 114 patients were included in the analysis, and
median OS from the time of diagnosis was 37.5 months for patients with grade III
gliomas and 23 months for patients with GBM. The median PFS following SRS was 8.6
months for patients with grade III gliomas and 4.6 months for patients with GBM. A
significant survival benefit of SRS as salvage treatment could be shown in patients with
recurrent GBM compared to a historic control group (23 months vs. 12 months; P <
0.0001), but there was no significant difference in patients with recurrent grade III
gliomas (37.5 months vs. 26 months; P = 0.789) (Kong et al. 2008). And so, SRS for
recurrent glioma is possible, but with higher tumor volumes the risk of side effects
increases.

Fractionated stereotactic radiotherapy (FSRT) is another non-invasive precision
RT technique. FSRT comprises first obtaining the required therapeutic dose, which is
then divided into a number of fractions. By exploiting the radiobiological advantage of
fractionation, the risk of side effects to normal tissue can be minimized over time. FSRT
can be applied safely for very small target volumes as an alternative to SRS; moreover,

for bulky tumors, FSRT can also be performed safely and effectively without the high



risk of side effects associated with SRS in such tumors (Combs et al. 2007). Cho et al.
reported patients receiving FSRT had comparable survival to SRS patients and lower
risk of late complications despite having poorer pretreatment prognostic factors.
Investigators concluded that FSRT may be a better option for patients with larger tumors
or tumors in eloquent structures (Cho et al. 1999). Patel et al. also conducted a
prospective study comparing salvage re-irradiation with SRS and with FSRT for
recurrent GBM. Median OS was not significantly different between the two therapies,
with OS following SRS extending to 8.5 months compared to 7.4 months following
FSRT (P = 0.81). Of note, patients who responded to either treatment had statistically
improved survival compared to non-responders, with a median survival of 15.8 vs. 7.3
months (P < 0.05) (Patel et al. 2009). One of the largest trials to date was performed by
Fokas et al. on 53 patients with recurrent GBM who were re-irradiated using
hypofractionated stereotactic radiotherapy (HFSRT). At the time of recurrence, a
median total dose of 30 gray (Gy) was delivered in median fractions of 3 Gy/day. After
HEFSRT, the median survival was 9 months, and the 1-year PFS was 22%. The median
OS from initial diagnosis was 27 months (Fokas et al. 2009). Thus, FSRT seems to
represent a safe and feasible option as a treatment for recurrent MG, even for larger

tumors and shows adequate efficacy in a number of clinical studies.



1.2.2 Antiangiogenic Treatment for GBM

Antiangiogenic agents target abnormal tumor vasculature, but several aspects of
their mechanism of action are incompletely understood. The classic hypothesis is that
antiangiogenic therapy, through vessel pruning and reduced blood perfusion, starves
the tumor of oxygen and essential nutrients, halting the tumor’s uncontrolled growth
(Folkman 1972). However, a logical consequence of diminished tumor blood perfusion
following antiangiogenic therapy might be reduced delivery of concurrent
chemotherapy. In fact, bevacizumab rapidly reduced blood perfusion in a small study
of lung cancer patients, resulting in a decreased influx rate of concurrent docetaxel (Van
der Veldt et al. 2012). However, the relationship between antiangiogenic therapies and
chemotherapy delivery is complex and has varied depending on underlying patient
characteristics, different tumor profiles, or class and dose of antiangiogenic treatments
(Batchelor et al. 2013). As a result, bevacizumab and other antiangiogenic agents are

being evaluated for use against GBM tumors.
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Figure 1: Molecular targets of antiangiogenic agents in GBM.

Cilengitide is a cyclic peptide that binds to and inhibits the activities of the a(v)b(3) and
a(v)b(5) integrins. Bevacizumab is a humanized monoclonal IgG1 antibody that binds to
and inhibits VEGF-A. Aflibercept is a fusion protein that binds all isoforms of VEGF-A,
as well as PIGF. Cediranib, sunitinib, vandetanib, XL184 and CT-322 are multireceptor
tyrosine kinase inhibitors. ABT-510 is a nonapeptide that targets the thrombospondin-1
receptor CD36. EGFR = epidermal growth factor receptor; PDGFR = platelet-derived
growth factor receptor; PIGF = placental growth factor; VEGF-A = vascular endothelial
growth factor A; VEGFR = vascular endothelial growth factor receptor. Figure
reproduced with permission (Beal, Abrey and Gutin 2011).

Currently, bevacizumab is the only standard therapy for recurrent GBM or WHO
grade Il MG. 1In 2009, the FDA granted accelerated approval for bevacizumab in 2009
as a single agent for patients with GBM with progressive disease following prior RT and

TMZ therapy (Cohen et al. 2009). Bevacizumab is a recombinant humanized
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monoclonal IgG1 antibody that selectively binds to and neutralizes the biologic activity
of human vascular endothelial growth factor (VEGF) by interfering with the binding of
VEGTF to its receptors, vascular endothelial growth factor receptor-1 (Flt-1) and kinase
insert domain receptor (KDR) on the surface of endothelial cells.

The outcomes of patients with recurrent GBM treated with bevacizumab have
been evaluated in several studies (Friedman et al. 2009, Reardon et al. 2009, Kreisl et al.
2009, Vredenburgh et al. 2007, Vredenburgh et al. 2007). Reardon et al. performed a
retrospective analysis of outcomes among patients with recurrent GBM who were
treated with bevacizumab in combination with either irinotecan, daily TMZ, etoposide,
bortezomib, or erlotinib (Reardon et al. 2012). The OS for recurring patients without any
treatment (n = 41), recurring patients treated without bevacizumab (n = 44), and
recurring patients treated with bevacizumab (n = 55) were 1.5, 4.0, and 5.9 months,
respectively (hazard ratio, HR = 0.64, P = 0.04). The PFS of recurring patients in the non-
bevacizumab-treated (n = 44) and bevacizumab-treated (n = 55) groups were 1.6 and 2.8
months, respectively (HR = 0.64, P <0.0001). It is important to note that these results
stemmed from a pooled analysis of five consecutive single arm, phase II studies. The
authors attempted to adjust comparisons of outcome associated with bevacizumab and
non-bevacizumab therapy for potential confounding factors, including factors related to
treatment selection. Eligibility criteria (histopathological confirmation of grade IV

malignant glioma, recurrent disease following TMZ therapy, and Karnofsky
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Performance Status > 60) were matched across the studies. Additionally, recurring
patients in this study showed favorable prognostic features, including young age and
good performance status. Therefore, it should be noted that results from this
retrospective analysis may not be applicable to the overall recurrent GBM population.
With regard to quality of life assessment, these analyses did not assess patient function
or quality of life while receiving therapy after bevacizumab progression. Given the
overall poor outcome of GBM patients after progression on bevacizumab, future studies
to evaluate therapeutic interventions for such patients should prioritize assessment of
these two parameters.

In the recurrent setting, there is a clear and urgent need for sufficiently-powered,
prospective, well-controlled studies to address whether there is a PFS or OS benefit with
bevacizumab for patients with recurrent MGs. Using the Cochrane Database and
clinical trial registries (ClinicalTrials.gov and EU Clinical Trials Register) we performed

a search for recent clinical studies evaluating these parameters.
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Table 1: Recent clinical trials employing antiangiogenic therapy for recurrent

glioblastoma.
Clinical BTG
Trial Egg,ltbﬂ,lty Study Endpoint(s) Tléeatment
Identifier reria roups
Bevacizumab | NTR1929 Histologically Primary: Arm I:
(BELOB) confirmed GBM 9-month OS Bevacizumab 10
(Taal et al. mg/kg every 2
2013) First relapse after | Secondary: wks
prior treatment Response rate,
with standard median PFS and Arm II:
RT/TMZ OS, 6 and 12-month | Bevacizumab 10
PES, quality of life mg/kg every 2
No prior weeks + 110
treatment with mg/m?2 lomustin
nitrosoureas or e every 6 wks
VEGF-R signaling
inhibitors Arm III:
Lomustine 110
mg/m2every 6
wks
ACTRN1261 | Histologically Primary: ArmI:
0000915055 | confirmed GBM PFS Bevacizumab
(CABARET) every 2 wks
(Maree Field | Prior treatment Secondary: until disease
et al. 2013) with standard OS, Response rate, | progression
RT/TMZ MMSE cognitive
function, quality of | Arm
Recurrent/progres | life, corticosteroid II: Bevacizumab
sive disease dose, toxicity, time [ every 2 wks +
confirmed by to treatment failure | carboplatin
surgical resection every 4 wks
or MRI until disease
progression
Cediranib NCT0030565 | Histologically Primary: Arm I:
6 (Batchelor | confirmed GBM Rate of 6-month Cediranib once
et al. 2010) PFS daily on days 1-
Contrast- 28.
enhancing tumor | Secondary:
>1cminlongest | Response rate, OS,
diameter toxicity profile
NCTO0077715 | Histologically Primary: Arm
3 (REGAL) confirmed PFS I: Cediranib 30
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(Batchelor et | recurrent GBM mg
al. 2013) Secondary:
Receive one prior | OS (from Arm II:
chemotherapy randomization), Cediranib 20 mg
with TMZ response rate, + lomustine
progression-free
rate at 6 months, Arm III:
steroid-free days Lomustine alone
NCT0131085 | Histologically or Primary: Arm I
5 (DORIC) cytologically PES (from Cediranib 30 mg
confirmed GBM randomization) + gefitinib 500
mg
No other prior Secondary:
treatment for OS (from Arm II:
GBM except randomization), Cediranib alone
Gliadel or steroids | response rate,
progression-free
Recurrent or rate at 6 months,
progressive steroid use
disease after
standard therapy
Cilengitide NCT0009396 | Recurrent or Primary: ArmI:
4 (EMD progressive GBM | Rate of 6-month Cilengitide 500
121974-009) | following surgery | PFS mg twice
(Reardon et | or biopsy weekly
al. 2008) Secondary:
RT and one Response rate, Arm II:
previous regimen | Time to disease Cilengitide 2,000
of systemic progression, mg twice
chemotherapy survival time, weekly
safety, tolerability
Solid contrast- and
enhancing lesion | pharmacokinetics

~1 cm in any
dimension within
2 weeks prior to
the first dose of
cilengitide
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One recent well-controlled example is the Dutch BELOB study (Taal et al. 2013).
In this three-arm, multicenter randomized phase II study, patients were assigned to
either bevacizumab alone, bevacizumab and lomustine, or lomustine alone. A total of
148 eligible patients were enrolled. Importantly, the prognostic factors of patients were
balanced across the groups. Results so far have shown that patients receiving lomustine
in combination with bevacizumab have a longer 6-month PFS (50%, median PFS =11
months) compared to those receiving bevacizumab (18%, median PFS = 3 months) or
lomustine alone (11%, median PFS = 2 months).

Another study assessing the therapeutic benefits between using bevacizumab as
a monotherapy or combination therapy is the CABARET study (Maree Field et al. 2013),
which was a sequential stratified two part randomized phase II study. The primary
objective was to determine the effect of bevacizumab plus carboplatin versus
bevacizumab alone for 6-month PFS using the modified RANO criteria. The second
stratification included randomizing patients who had progressed but were able to
continue treatment to continue or cease bevacizumab. Secondary endpoints included
response rate, cognitive function, quality of life, toxicity and OS. From the 122 patients
enrolled, the 6-months PFS was 26% (combination) versus 24% (monotherapy) (HR =
0.96, 95 % CI[0.66, 1.39], P = 0.82). Median OS between the two cohorts was 6.9 versus

6.4 months (HR =1.08, 95% CI [0.74, 1.59], P = 0.68). Ongoing follow-up of patients on
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bevacizumab beyond progression, and novel secondary and exploratory endpoints are
not yet available.

A fairly recent antiangiogenic agent, cediranib, is an orally available pan-VEGFR
tyrosine kinase inhibitor. Cediranib has a sub-nanomolar half maximal inhibitory
concentration for VEGF receptors with additional activity against c-Kit and lower
potency against platelet-derived growth factor (Wedge et al. 2005). In a prior phase II
study of cediranib (45 mg/d) for patients with recurrent GBM, eight of 30 subjects (27%)
achieved a partial radiographic response using Macdonald criteria (Batchelor et al.
2010). A recent multi-center, randomized double-blind phase II study (DORIC) is
comparing cediranib with and without gefitinib in patients with recurrent GBM. The
trial has completed recruitment and is ongoing in the follow-up period. Importantly,
results for PFS will be stratified for prognostic factors for GBM, including MGMT
promoter methylation and IDH-1/IDH-2 mutations.

A recent international, phase III, randomized, partially blinded, placebo-
controlled study (REGAL) was conducted to investigate the efficacy of cediranib as a
monotherapy and in combination with lomustine, versus lomustine alone in patients
with recurrent GBM (Batchelor et al. 2013). The primary end point of progression-free
survival (PFS) was not significantly different for either cediranib alone (HR = 1.05; 95%
CI[0.74, 1.50]; P = 0.9) or cediranib in combination with lomustine (HR = 0.76; 95% CI

[0.53, 1.08]; P = 0.16) versus lomustine. These results show a lack of synergism between
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chemotherapy and antiangiogenic therapy, which is quite different from the positive
results seen with the BELOB trial. Although cediranib monotherapy or in combination
with lomustine did not improve PFS compared with lomustine alone in REGAL,
preclinical models suggest synergistic activity of anti-VEGF therapy in combination with
radiation, owing to the ability of these agents to normalize tumor vessels. On the basis
of these observations, cediranib in combination with chemoradiation therapy is being
studied in phase II trials in the newly-diagnosed GBM population (Batchelor et al.

2013) (NCT00662506;, NCT01062425).

Antiangiogenic therapy has shown improved clinical outcomes in certain tumor
types other than MGs (Hurwitz et al. 2004, Yang et al. 2003). We employed the
aforementioned reporting strategy for recent clinical studies evaluating antiangiogenic
therapies for newly-diagnosed disease.

Table 2: Recent clinical trials evaluating antiangiogenic therapy for newly
diagnosed glioblastoma.

Clinical Trial T S Stud Treatment
Identifier Eligibility Criteria Endpoir}llt(s) Groups
Bevacizumab | NCT00943826 | Newly-diagnosed, Primary: Arm I:
(AVAglio) histologically PFS and OS Bevacizumab
(Henriksson et | confirmed GBM 10 mg/kg +
al. 2013) Secondary: RT+TMZ 75
Stable or decreasing | One and two- mg/m?
steroid dose within 5 | year survival
days prior to rate, quality of | ArmII: RT +
randomization life, adverse TMZ 75
events mg/m?
NCT00884741 | Newly-diagnosed, Primary: Arm I: RT +
(RTOG 0825) histologically PFS and OS T™Z
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(Gilbert et al. confirmed GBM with | (from
2013) supratentorial randomization) | ArmII: RT +
component (partial or T™MZ +
complete resection) Secondary: bevacizumab
Treatment-
No recurrent or related toxicity,
multifocal malignant | molecular
glioma profile
No prior TMZ or
bevacizumab
NCTO00967330 | Histologically Primary: ArmI:
(GLARIUS) confirmed GBM 6-month PFS Bevacizumab
(Herrlinger et 10 mg/kg
al. 2013) No previous Secondary: every 2 wks +
chemotherapy or RT | OS, response irinotecan 125
for GBM rate, time to mg/m? every
treatment 2 wks + TMZ
Non-methylated failure, adverse | 75 mg/m?
MGMT promoter events, quality
of life Arm II: TMZ
75 mg/m?
Cediranib NCT00662506 | Histologically Primary: Arm I:
(Batchelor et confirmed newly- Safety profile Cediranib +
al. 2013) diagnosed GBM and optimal TMZ (dose-
dosing of limiting
Scheduled to receive | cediranib toxicity 15
standard post- during TMZ mg, 20 mg, 30
surgical RT + TMZ (phase I) mg)
PFS (phase II)
Secondary:
MRI
parameters,
blood
biomarkers,
tumor
biomarkers
NCTO01062425 | Histologically Primary: ArmI:
confirmed newly- 6-month PFS Cediranib +
diagnosed GBM with RT + TMZ
supratentorial Secondary:
component PES and OS Arm ILI: RT +
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(from ™Z

No recurrent or randomization),

multifocal malignant | treatment-

glioma related toxicity

Cilengitide NCT00689221 | Newly-diagnosed, Primary: ArmI:
(CENTRIC) histologically OS (from time Cilengitide +
(Stupp et al. confirmed of RT + TMZ
2013) supratentorial GBM randomization)
ARMIIL: RT +

Methylated MGMT Secondary: T™™Z

promoter PFS,
pharmacokineti
cs, quality of life
assessment, and
safety and
tolerability

2004-004849- Newly-diagnosed, Primary: ArmI:

18 histologically 6-month PFS Cilengitide +
(EMD121974- | confirmed RT + TMZ
010) (Stupp et | supratentorial GBM Secondary:

al. 2010) Response rate, Arm II: RT +

Stable or decreasing | OS, one-year T™Z

dose of steroids for > | survival rate,

8 days median time to
progression,
pharmacokineti
cs of cilengitide
+TMZ, safety
and tolerability

NCT00813943 | Newly-diagnosed, Primary: ArmI:
(CORE) histologically OS (from time Cilengitide
(Nabors etal. | confirmed of (twice
2012) supratentorial GBM randomization) | weekly) +
TMZ + RT

Non-methylated Secondary:

MGMT promoter PES (from Arm II:
randomization), | Cilengitide
pharmacokineti | (five times
cs, adverse weekly) +
events TMZ + RT

Arm III: TMZ
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Bevacizumab treatment for patients with newly-diagnosed GBM was recently
tested in two phase III clinical trials. In the Radiation Therapy Oncology Group (RTOG)
0825 study, 637 patients were randomized to TMZ-based chemoradiation with or
without bevacizumab. Patients in the bevacizumab arm started the agent four weeks
into the radiation therapy protocol and continued for six to 12 cycles of maintenance
therapy. Primary endpoints of these trials were to evaluate OS and PFS. Results
showed a median overall survival of 15.7 months with the addition of bevacizumab
compared to 16.1 months without the treatment. PFS improved slightly in the
bevacizumab arm (10.7 versus 7.3 months, P = 0.004), but the difference did not meet the
pre-determined level of statistical significance (P = 0.002) (Gilbert et al. 2013). The
European trial (AVAglio trial) involved 921 patients and revealed a modest
improvement in PFS (10.6 months in the bevacizumab arm vs 6.2 months in the placebo
arm) but virtually identical OS (16.8 months versus 16.7 months, respectively)
(Henriksson et al. 2013). Furthermore, the AVAglio trial has reported an improvement
of quality of life, while the RTOG 0825 study did not, and even suggested a negative
impact on neurocognitive functions.

The failure to detect any benefit from antiangiogenic therapy across these two
trials stems from an incomplete understanding of the mechanisms of action for these

agents, in particular, their impact on blood flow and oxygenation status of the tumor
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(vessel “pruning” versus normalization. Batchelor et al. investigated this disparity in
treatment efficacy and found that clinical outcomes of newly-diagnosed GBM patients to
chemoradiation with and without cediranib were dependent on improved perfusion,
which only occurred in a subset of patients in cediranib-containing regimens (Batchelor
et al. 2013). Moreover, an increase in perfusion was associated with improved tumor
oxygenation status as well as with pharmacodynamic biomarkers, such as changes in
plasma placenta growth factor and soluble VEGFR2. Finally, treatment resistance was
associated with elevated plasma IL-8 and soluble VEGFR1 post therapy. Therefore,
these tumor perfusion changes following antiangiogenic therapy may distinguish
responders vs. non-responders early in the course of therapy, which can ultimately
provide new insight into the selection of GBM patients most likely to benefit from anti-
VEGF treatments.

Secondly, the interactions between antiangiogenic therapy and chemotherapy in
many of these prospective trials do not take into consideration the underlying
contributions of epigenetic profiles in GBM tumors. For instance, the GLARIUS trial
(Herrlinger et al. 2013), focused on evaluating bevacizumab and irinotecan
combinatorial therapy in newly-diagnosed GBMs with a non-methylated MGMT gene.
A total of 182 GBM patients with non-methylated MGMT received standard RT and
were then randomly assigned to receive bevacizumab and irinotecan (116 patients) or

TMZ alone (54 patients). With 6-month PFS as the primary endpoint of the study,
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patients receiving the combination therapy had a significantly prolonged PFS compared
to those receiving TMZ alone (9.74 months vs. 5.99 months for TMZ; HR = 0.30, 95% CI
[0.19, 0.48]; P < 0.0001). Even the secondary endpoint of OS showed that the
combination therapy in non-methylated patients was significantly longer compared to
the TMZ arm (16.6 months vs. 14.8 months for TMZ; HR 0.60, 95% CI [0.37, 0.96]; P =
0.031).

Several lines of evidence suggest that integrin antagonists, including cilengitide,
may have enhanced antitumor benefit when administered in combinatorial therapeutic
regimens (Beal, Abrey and Gutin 2011). Integrins are critically involved in many tumor-
promoting activities, such as proliferation, survival, invasion, and angiogenesis.
Therefore, effective integrin inhibition may enhance other therapeutics targeting
regulators of these processes (Eskens et al. 2003). In addition, recent evidence suggests
that integrin inhibitors may potentiate the activity of cytotoxic agents (Abdollahi et al.
2005, Albert et al. 2006).

For these reasons, a trial combining cilengitide with RT and TMZ for newly-
diagnosed GBM patients was recently performed (Stupp et al. 2010). Fifty-two patients
received cilengitide 500 mg twice weekly during RT with daily temozolomide and then
during six post-RT monthly TMZ cycles. With a median follow-up time of 14 months,
the 6-month PFS and 1-year OS rates were 69% and 67%, respectively. In comparison,

patients treated with the same regimen without cilengitide have 6-month PFS and 1-year
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OS rates of 54% and 62%, respectively (Stupp et al. 2005). Furthermore, patients treated
on the cilengitide study whose tumors lacked MGMT expression had a particularly
favorable outcome.

These observations were evaluated in a recent multicenter, randomized
controlled phase III study (CENTRIC) comparing RT plus TMZ versus the same regimen
plus cilengitide in newly-diagnosed GBM patients with methylated MGMT promoters
(Stupp et al. 2013). Median OS was 26.3 months in both arms (HR =1.02; 95% CI [0.81-
1.29]; P = 0.86), and median PFS was 13.5 months in the cilengitide arm and 10.7 months
in the control arm (HR =0.93; 95% CI [0.76-1.14]; P = 0.48). A similar study (CORE
study, NABTT 0306) evaluated clinical outcomes in 112 newly-diagnosed patients
(Nabors et al. 2012). The median OS was 19.7 months for all patients, 17.4 months for
the patients in the 500 mg dose group, 20.8 months for patients in the 2,000 mg dose
group, 30 months for patients who had methylated MGMT status, and 17.4 months
for patients who had non-methylated MGMT status. For patients aged <70 years, the
median survival and survival at 24 months was superior to what was observed in the
EORTC trial (Stupp et al. 2005) (20.7 months vs 14.6 months and 41% vs 27%,
respectively; P = 0.008).

Although the safety and efficacy of combining antiangiogenic agents with
chemotherapy has been documented in the recurrent setting, the ideal chemotherapy

partner has yet to be identified by prospective, randomized trials. Moreover, the
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scheduling, timing, and dosing of antiangiogenic agents relative to chemotherapy also
remains to be defined and should be a focus of future studies. As the field progresses
toward patient-specific approaches, gene expression studies and other correlative
analyses are needed to assess the safety and efficacy of antiangiogenic therapies on the
basis of the molecular pathophysiology of the disease. These antiangiogenic agents are
expected to play a significant role in the treatment of GBM in the future, and it is hoped

that the consideration of molecular profiling will further improve target selection.

1.2.3 Cytotoxic Therapies with Temozolomide

TMZ given concurrently with RT or as an adjuvant after RT has become the
standard of care for patients with GBM. This drug was granted accelerated approval in
1999 based on durable objective responses in patients with AA refractory to a
nitrosourea and procarbazine, two chemotherapeutic alkylating agents (Newlands et al.
1997). Full approval for TMZ was granted in 2005 after confirmation of significantly
improved OS was observed in a randomized trial of patients with newly-diagnosed
GBM (Stupp et al. 2005).

TMZ has also demonstrated activity in recurrent gliomas. In a phase II trial in
patients with recurrent GBM, the objective response rate was only 8%. However, an
additional 45% of patients displayed disease stabilization, suggesting that 53% of
patients experienced a minor clinical benefit with TMZ treatment (Stupp et al. 2002).

The 6 month PFS for TMZ-treated patients was 18%, and the 6 month OS was 46%
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(Brada et al. 2001). In a large randomized phase II trial in patients with recurrent GBM,
the efficacy of TMZ was compared with that of procarbazine (Yung et al. 2000). In this
study, the 6 month PFS was 21% for patients treated with TMZ compared with only 8%
for patients treated with procarbazine (P < 0.008). In all of these trials, TMZ was
administered at a dose of 150 to 200 mg/m?/d for five days, with cycles beginning every
28 days. Treatment with TMZ is usually well tolerated, with grade 3 and 4
thrombocytopenia and neutropenia occurring in fewer than 10% of patients (Stupp et al.

2002).

1.2.4 Dose-Intensified Temozolomide Administration

TMZ has been shown to produce a survival benefit in patients with GBM and has
become a routine part of standard of care therapy. As such, more aggressive, dose-
intensified (DI) regimens are now being evaluated (Brock et al. 1998, Tolcher et al. 2003).
Recent advances have been made in the treatment of GBM utilizing a common side
effect of serial TMZ administration, which is profound lymphopenia, to enhance cancer
vaccine efficacy against MGs. The profound lymphopenia induced by therapeutic TMZ
would be expected to limit the induction of functional immune responses induced by
cellular vaccines. In our previous clinical trial (ACT II), our group evaluated the
effectiveness of a peptide vaccine directed against the unique EGFRvIII mutation in
combination with standard of care TMZ (Sampson et al. 2011). The EGFRVIII vaccine

was given in coordination with concurrent daily TMZ in monthly cycles after
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completion of radiation. Patients were enrolled sequentially into two groups based on
the dose of TMZ, standard (STD) or DI. Patients in group A received TMZ at a dose of
200 mg/m? for 5 days of a 28 day cycle (STD) and those in group B received TMZ at a
dose of 100 mg/m? for 21 days of a 28 day cycle (DI). Patients were vaccinated on day 21
of each cycle until progression. Patients enrolled in ACT II vaccinated in coordination
with monthly cycles of TMZ had a median PFS of 15.2 months versus 6.3 months for
historical controls (P = 0.024) and a median OS of 23.6 months versus 15 months for
historical controls (P = 0.019) matched for entry criteria and known prognostic factors.
The significant finding of our study is that both humoral and cellular vaccine-induced
immune responses were unexpectedly enhanced by a DI TMZ that induced more
profound and more persistent lymphopenia than the STD TMZ regimen (Heimberger
and Sampson 2009). Although counterintuitive, this is consistent with preclinical
studies (Asavaroengchai, Kotera and Mule 2002, Dummer et al. 2002) and findings after
adoptive T-cell transfer (Dudley et al. 2002) that lymphopenic states can induce reactive
homeostatic proliferation of the immune cell compartment and enhance antitumor
immune responses (Dudley et al. 2002).

Although TMZ is the most proven effective chemotherapeutic agent for these
tumors, the prognosis for patients treated with surgery, RT, and TMZ still remains poor,
with survival just over 14 months in high performance status patients (Stupp et al. 2005).

Two prominent reasons for TMZ failure is that a large percentage of tumors are resistant

26



to the cytotoxic effects of the TMZ-induced DNA lesion O(6)-methylguanine due to
elevated expression of the repair protein O(6)-methylguanine-DNA methyltransferase
(MGMT) (Hegi et al. 2005) or a defect in the mismatch repair (MMR) pathway (Friedman
et al. 1998). Overcoming resistance mediated by MGMT is being explored by
incorporating adjunctive therapy with competitive inhibitors of MGMT, such as O6-

benzyl-guanine (Quinn et al. 2005).

1.3 Bypassing and Direct Manipulation of the Blood-Brain
Barrier

The most important factor affecting the delivery of any drug to the brain and to
brain tumors is the transport of the agent across the BBB and the blood-tumor barrier
(BTB). The effectiveness of delivering agents across the BBB and BTB is also influenced
by the regional blood flow and drug pharmacokinetic profile. Strategies to increase
drug delivery to brain tumors have included intraarterial drug administration,
disruption of the BBB by hyperosmolar solutions or biomolecules, direct intratumoral
injection of free drug, or the use of drug embedded in a controlled-release,
biodegradable matrix delivery system. Even if the BBB is overcome, drug access to
tumor cells may be hindered by increased intercapillary distances, greater interstitial
pressure, lower microvascular pressure, and the uptake of drug by surrounding normal
brain tissue (referred to as the "sink effect") (Jain 1990).

Direct delivery of a drug into the tumor or a postoperative tumor resection cavity

is a promising alternative to maximize local drug concentrations while minimizing
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systemic effects. Two techniques have been used to directly administer drug to the
tumor: slow-release systems and direct infusion. Slow-release carrier systems are
controlled-release methods employing various carrier systems permit constant drug
delivery into the tumor while protecting the unreleased drug from metabolism. The
most extensively evaluated slow-release system is the carmustine polymer wafer, which
has been approved for use in patients with MGs (Valtonen et al. 1997).

Convection enhanced delivery (CED) is a form of direct intratumoral infusion
with various chemotherapeutic drugs. This method has been demonstrated in several
clinical trials (Voulgaris et al. 2002, Patchell et al. 2002). Current direct drug
administration has utilized CED through surgically implanted catheters. CED optimizes
the delivery of antitumor agents to the tumor using a positive-pressure infusion to
control drug distribution by adjusting the infusion rate and volume (Lopez et al. 2006).
The potential utility of CED with small molecule chemotherapy agents was illustrated
by a report of 15 patients with recurrent MG who were treated with CED of paclitaxel
(Lidar et al. 2004). There were five complete and six partial responses. Complications
included chemical meningitis, infections, and transient neurologic deterioration, the
latter which was initially thought to be due to peritumoral edema. CED may be
particularly useful for the delivery of large molecules (Sampson et al. 2006). As an
example, CED has been used to deliver cintredekin besudotox, a conjugate of human

interleukin-13 (IL-13) with pseudomonas exotoxin (Kunwar et al. 2007). MGs express
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the IL-13 receptor on the cell surface, and this conjugate is used to deliver locally high
concentrations of the pseudomonas exotoxin. A phase IlI trial to assess the efficacy of
this approach in patients with GBM upon first relapse showed no improvement in

survival as compared to treatment with carmustine wafers (Kunwar et al. 2010).

1.4 Discussion

Therapeutic efficacy in treating MGs with current standard of care therapies
ultimately has proven to be short-lived. Treatment failure can be attributed to a variety
of factors, including the high-grade invasiveness of MGs at the time of diagnosis,
increased tumor resistance to RT, the impracticality of optimal surgical resection, and
the comparative intolerance of the normal brain for cytotoxic therapies. Therefore,
identification of unique tumor mutations is critical for the advancement of targeted
therapy. Tumor-specific antigens (TSAs) are unique mutations that stem from random
somatic point mutations induced by physical or chemical carcinogens. Targeting of
TSAs in MGs ensures safety to the patient due to the inherent high specificity of these
antigens that are expressed solely in the tumor tissue. Consequently, TSAs elicit a
response clinically more effective than that of any amplified or overexpressed self-

antigens while reducing the risk of any autoimmune reactions.
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Table 3: Conserved and tumor-specific antigens identified in malignant
gliomas.

Protein Mutation Function

Constitutively activated form of EGFR,

EGFRvIII promotes cell proliferation, inhibits

apoptosis, resistance to radiation and
chemotherapy

EGEFR (Ekstrand et al.
1991)

Central metabolism, oxidative
IDH1 (Parsons et al.

2008) R132H decarboxylation of isocitrate to 2-
oxoglutarate
TERT (Killelaetal. | C250T and Soni‘aﬁc m‘lltatioﬁ‘; that Taintadi“
2013) C228T te ome-:re -engt y prolonge
activation of telomerase
CMYV pp65 (Mitchell Nuclear localization in infected cells;
etal. 2008, Cobbset | modulating/evading the host cell
al. 2002, Lucas et al. immune response during HCMV
2011) infections
CMYV IE1 (Lucas et al.
2011, Cobbs et al. Regulates transcription of viral and
2002, Mitchell et al. host genes, driving viral replication
2008)

1.4.1 The EGFRUvIII Mutation

The EGFRVIII mutation is currently one of the most prominent examples of
directly targeting a TSA in malignant brain tumors. The EGFR gene is amplified in up
to 50% and overexpressed in over 90% of GBM specimens. Originally, it was believed
that the impact of EGFR on neoplastic processes was merely a result of the

corresponding gene amplification, or acquired increase in copy number. It has now
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been well-characterized that the malignant profile of many tumors, including GBM, is a
result of aberrant, overexpressed forms of the EGFR gene. The mutated form of the
receptor harbors a constant deletion within the extracellular domain and serves as a
tumor-specific neoantigen that is not expressed in normal tissue (Ekstrand et al. 1991).
Results from the ACT II study (Sampson et al. 2011) can offer important insights into
the in vivo dynamics of targeting the EGFRVIII mutation. Vaccination with the EGFRVIII
peptide spanning the mutated EGFR region resulted in prolonged PFS and OS in newly-
diagnosed patients compared to a historically matched cohort for eligibility criteria and
prognostic factors (median OS and PFS of 23.6 and 15.2 months, respectively, compared
to matched cohort median OS and PFS of 15 and 6.3 months, respectively). The

EGFRVIII vaccine is now being tested in an international phase III trial.

1.4.2 Targeting Cytomegalovirus in GBM

Since the advent of exploiting the EGFR mutation, there has been extensive
investigation into the targeting of human Cytomegalovirus (CMV) in patients with
GBM. CMV has been shown to be reactivated in GBM tumors, but not surrounding
normal brain (Prins, Cloughesy and Liau 2008, Mitchell et al. 2008), owing to the
specificity of this potential target. Over 90% of GBMs express CMV proteins, including
pp65 and immediate early 1 (IE1), which have been shown to promote glioma
progression (Cobbs et al. 2002, Lucas et al. 2011). Over the past few years, there has

been a vast amount of experience with both the safety and efficacy in targeting CMV
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(Walter et al. 1995, Numazaki et al. 1997) proteins. Thus, the unique and specific
expression of CMV proteins in GBM tumors provides a second viable TSA for targeted

therapy.

1.4.3. Novel Tumor-Specific Antigens in Malignant Gliomas: IDH-1 and
TERT

Using genome-wide sequencing, tumor-specific mutations in MGs have been
discovered exclusively the active sites of isocitrate dehydrogenase enzymes 1 (IDH1)
and 2 (IDH2) (Parsons et al. 2008, Kato et al. 2009), an evolutionarily-conserved enzyme
essential to cell function (Merritt et al. 2009). Investigators found that 50-80% of low-
grade gliomas carried mutations of IDH1 or IDH2. Later studies showed that 5% of
primary GBMs and 60-90% of secondary GBMs express mutant IDH proteins. As such,
mutant IDH enzymes acquire a gain-of-function mutation and reduce a-KG to an
oncometabolite, 2-hydroxyglutarate (2-HG) (Dang et al. 2010). Overexpression of these
mutated IDH enzymes also induces histone and DNA hypermethylation and blocks
cellular differentiation. Greater than 90% of all IDH1 mutations occur from a
substitution of histidine for arginine resulting in the highly conserved and tumor-
specific mutation, IDH1®®H (Watanabe et al. 2009). Immunohistochemical analysis has
revealed that IDH1®'®H js homogeneously expressed in all tumor cells, including single
infiltrating tumor cells (Capper et al. 2010), but is absent in normal cells (Capper et al.
2010, Kato et al. 2009). The high frequency, specificity, and homogeneous expression of

the IDH1 mutation thus make it an ideal target for therapeutic intervention.
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These unique IDH mutations offer the potential for targeted therapy with
molecular inhibitors, lowering levels of the 2-HG metabolite and thus halting tumor
growth. This approach would benefit the treatment of low-grade gliomas for which
there is a current lack of precise and highly effective therapy. In two recent studies,
IDH1 and IDH2 inhibitors were selective for targeting the cancer-mutated IDH enzymes.
Wang et al. inhibited the mutated IDH2 enzyme in leukemia cells, slowing cell
proliferation and inducing differentiation (Wang et al. 2013). Rohle et al. used the IDH1
inhibitor to slow proliferation of GBM cells, induce demethylation of histones, and
enhance astroglial differentiation (Rohle et al. 2013). These preclinical results have
exciting implications for clinical translation. For example, a mutated IDH inhibitor with
low toxicity might halt the growth of MGs dependent on the increasing activity of 2-HG
or even delay progression of low-grade MGs to high-grade tumors.

Recently, screening of more than 1,000 tumor samples spanning 60 histologic
types revealed that point mutations in the promoter of the telomerase reverse
transcriptase (TERT) gene, which in turn increase telomerase expression, could
subdivide gliomas into tumors with high and low frequencies of this mutation. Several
MG subtypes were found to be high expressers of TERT promoter mutations, 83% of
which were primary GBM tumors (Killela et al. 2013). The recent identification of TERT

mutations holds much promise in leveraging the expression and presentation of this
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antigen as a targeted therapy. Furthermore, TERT mutations provide a biomarker that
may be indicative of clinical prognoses for MGs.

Microarray expression profiling of MGs has identified molecular subtypes as
well as genes associated with tumor grade, progression, and patient survival (Phillips et
al. 2006, Godard et al. 2003, Rickman et al. 2001). While MGs such as GBM and AA
continue to be defined by histological criteria, several reports demonstrate that
expression profiles can better predict outcome (Freije et al. 2004, Nutt et al. 2003). Given
the possibility that molecularly distinct tumors may exhibit different clinical responses, a
greater understanding of molecularly-defined subsets rather than histologic subtypes of

tumors may be a better tool for the development of more effective therapies.
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2. Immunotherapy for Malignant Gliomas: Preclinical In
Vivo Experiments in Animal Models

2.1 Overview of Inmunotherapy for Glioblastoma: Active
Immunotherapy with Vaccination or Adoptive Strategies

The prognosis for patients with primary malignant gliomas (MGs) remains very
poor despite aggressive multimodal therapy, including surgical resection and
radiotherapy plus temozolomide (TMZ) (Mitchell, Fecci and Sampson 2008). Moreover,
the non-specific nature of conventional therapy for MGs often results in incapacitating
damage to normal brain parenchyma and systemic tissues (Wefel, Kayl and Meyers
2004, Holdhoff and Chamberlain 2013, Imperato et al. 1990, Mitchell, Fecci and Sampson
2003, Stupp et al. 2002). This non-selectivity calls for novel therapeutic strategies that
can precisely target invasive tumor cells while minimizing collateral damage to the
nearby unaffected brain. The rationale for employing the immune system to target MGs
is based on the premise that the inherent biologic specificity of the immune system can
meet the clear and urgent need for more precise medical therapy. Furthermore, the
bioavailability of the immune system’s cellular effector mechanisms and capacity for
memory have been shown to be quite vast, with even the once believed
immunoprivileged CNS actively surveyed by host immune defenses (Sehgal and Berger
2000, Stevens, Kloter and Roggendorf 1988, Bullard et al. 1986, Owens et al. 1994).

Active immunotherapy, which is the generation of effective immunity against

tumor-specific antigens (TSAs), has been shown, at least in preclinical models, to possess
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an additional benefit that no other targeted therapy possesses (Heimberger et al. 2000,
Heimberger et al. 2002). This additional benefit is the capacity to establish immunologic
memory recall responses against immunized antigens that can provide long-term
surveillance against tumor recurrence, which is a common problem when treating MGs
(Mitchell and Sampson 2009). Cellular-based immunotherapy for MGs involves the ex
vivo manipulation of cells in some fashion with the hopes of inducing an effective,
specific, anti-tumor response upon transfer into the host. Cellular immunotherapy can
be stratified into two approaches to cell priming: 1) active immunotherapy, which
involves vaccination of the host with tumor antigen-loaded antigen presenting cells, or
2) adoptive immunotherapy, which utilizes the transfer of effector cells (such as natural
killer cells or T cells) that are primed ex vivo and transferred back into the host to target
the tumor (Mitchell et al. 2003). Either of these therapies has been tested in preclinical

murine models to target MGs.

2.2 The Immunoprivileged Central Nervous System

The central nervous system (CNS) has previously been regarded as a site of
limited immune surveillance. This concept is based on the primary studies of Medawar
(Medawar 1948), Barker, and Billingham, who demonstrated that allografts are tolerated
better when implanted into the CNS compared to other tissues (Barker and Billingham

1977, Billingham and Boswell 1953). The “immunologic privilege” of the CNS has long

36



been attributed to the blood-brain barrier (BBB) and the lack of a classic lymphatic
system draining into the periphery (Becher, Bechmann and Greter 2006).

However, over the past several years, the longstanding model that the CNS did
not have the capability of interacting with activated lymphocytes, was void of
specialized resident antigen presenting cells (APCs), and lacked a lymphatic drainage
system has been challenged. It is now accepted that lymphocytes traverse the BBB
endothelial cells to ultimately reside in perivascular spaces or localize to the neuropil
(Hickey 2001, Bechmann 2005). Moreover, it is now established that antigens efficiently
drain into cervical lymph nodes via the cribroid plate and perineural sheath of cranial
nerves (Cserr and Knopf 1992, Goldmann et al. 2006), and recent data suggest similar
routes for antigen-presenting cells (Carson, Sutcliffe and Campbell 1999, Hatterer et al.
2006, Karman et al. 2004). Several studies in mice have supported the notion of a
permissive barrier for immune cell trafficking. Adoptive transfer studies have revealed
that T cell activation is sufficient to induce the migration of T cells into the CNS in the
absence of an exogenous inflammatory stimulation of the endothelial barrier. One
model suggested that inflammatory conditioning could induce endothelial cells to
become competent in supporting cell trafficking by the induction of adhesion or
chemoattractant molecules (Lees, Archambault and Russell 2006). In another study,
transgenic GFAP-CCL21 mice with constitutively expressed CCL21 (a ligand that

mediates lymphocyte homing to secondary lymphoid organs) on BBB endothelial cells
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facilitated the homeostatic CD4+ T cell proliferation of T cells isolated from lymph nodes
draining the CNS. In another murine model, it was observed that CNS expression

of CCL21 augmented the migration of CD4+ T cells from perivascular spaces into

the CNS parenchyma of T. gondii infected mice (Ploix et al. 2011). These findings
contribute to the growing literature demonstrating that the immune privileged CNS can
regulate T cell-mediated immunity.

Given the evidence for T cell trafficking into the CNS, the vast array of aberrantly
expressed and mutated proteins present in tumor cells should permit them to be
identified as foreign and ultimately rejected by the immune system. This concept of
tumor surveillance as a normal function of the immune system has supporting evidence
in that physiologic anti-tumor immune responses can be detected in patients with
cancer, although such responses are often at an insufficient levels of function to prevent
the progression of malignancy. Reasons for this insufficient response may be due to the
debilitation of the immune system by local and systemic-induced immunosuppression
(Fine 1995, Fecci et al. 2006). In a number of studies, MG cells have been shown to
secrete a number of substances that suppress antitumor immunity, including TGF-
[beta]2, prostaglandin (PG)Ez, and IL-10 (McVicar, Davis and Merchant 1992, Peluso et
al. 2007, Yamagiwa et al. 2001). Other mechanisms of immune evasion include

production of extracellular matrix proteins, such as tenascin C and hyaluronic acid, or
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disruption of intracellular adhesion molecule (ICAM)-1 and downregulation of MHC

class I antigens (Gomez and Kruse 2006, Skog 2006).

2.2.1 Antigen Recognition within the Central Nervous System

Microglia, which comprise about 10% of the total glial population in the CNS
parenchyma (Perry 1998), are a unique CNS cell population due to their mesodermic
origin (as opposed to the neuroectodermal origin resident CNS cells). Having
developed from a common precursor cell, microglia share many properties with
macrophages (Schmidtmayer et al. 1994, Streit and Graeber 1993). Amidst virtually all
inflammatory conditions in the CNS, parenchymal microglial cells rapidly upregulate
MHC class II expression, suggesting that they may participate in Ag presentation to
CD4+ T cells during the inflammatory process (McGeer et al. 1993, Streit and Graeber
1993, Becher and Antel 1996, Sedgwick et al. 1998, Ulvestad et al. 1994). Activated
microglia also upregulate co-stimulatory molecules such as CD40, CD80, and CD86,
which render them capable for antigen presentation to T cells (McMahon et al. 2005,
Bechmann 2005, Becher, Prat and Antel 2000, Aloisi 2001). Furthermore, microglia have
been shown to phagocytose myelin (Li et al. 1993, Slobodov et al. 2001, Williams et al.
1994), indicating that these cells can activate myelin-specific CD4+ T cells. In preclinical
models, microglia infected with Theiler’s murine encephalomyelitis virus have been

demonstrated to be activated to efficiently process and present not only endogenous
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viral epitopes but also exogenous myelin epitopes to CD4+ T cells (Olson, Eagar and
Miller 2002).

Naive T cells are not inherently located within the CNS due to their inability to
traverse the BBB in the context of homeostatic conditions (i.e. the lack of an acute
inflammatory response). When T cells have been activated against neurotrophic
pathogens or CNS autoantigens, however, they cross the BBB and are restimulated upon
encounter with their respective antigen on target cells and local APCs (Serafini et al.
2000, Irani 1998). Recent studies of murine brain tumor models have shown that the
tumor microenvironment promotes the proliferation of tumor-specific T cells and
differentiation into cells with enhanced effector function (Masson et al. 2007). While
activated T cells are thought to patrol the CNS in an antigen-independent manner, cells
that encounter their cognate antigen are retained for longer periods within the CNS than
those that do not encounter target antigen in the CNS (Masson et al. 2007). Chemokine
receptors and ap-integrin receptors together provide a coordinated homing signal for
mediating the destination of trafficking lymphocytes. One such chemokine receptor,
CXCR4, has been demonstrated to mediate neural stem cell localization to MGs
(Ehtesham et al. 2006, Ehtesham et al. 2004), and we have demonstrated that CXCR2
expression in T cells provides enhanced trafficking in response to glioma-secreted

chemokines (IL-8 and GRO-1a) in vitro and in vivo (Mitchell et al. 2008).
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2.3 Review of Animal Models for Immunotherapy

Treatment failure for GBM using standard therapy regimens can be attributed to
a variety of factors, including high-grade invasiveness at the time of diagnosis, increased
resistance to radiation therapy, the impracticality of optimal surgical resection, and the
comparative intolerance of the normal brain for cytotoxic therapies. Given that most
patients recur within 12 months (Wong et al. 1999), there is a clear and urgent need for
more precise therapies. Utilizing the immune system to target GBM holds much
promise in meeting this need. Early studies in mice revealed that the immune system
can recognize and reject tumors (Foley 1953). Immunodeficient mice lacking the
cytokine interferon gamma (IFN-y) and recombination-activating gene-2 (RAG-2),
which is critical for B and T cell development, displayed an increased incidence of
cancer (Dighe et al. 1994). In humans, the incidence of some cancers is increased in
immunodeficient patients (Euvrard, Kanitakis and Claudy 2003). Furthermore, the
presentation of tumors can accelerate with the aging population. This increased
incidence can be due immunosenescence, which is a progressive decline in immune
function, such as reduced circulating memory B cells, germinal center formation, thymic
generation of naive T cells, and a skewing of the T cell repertoire towards a more
oligoclonal, terminally-differentiated effector sub-population (Hakim et al. 2004). These

observations have supported the role of B and T-effector cells in surveying spontaneous
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tumors arising in the host as well as the scientific rationale for armoring the immune

system to target cancer.

2.3.1 Proof of Concept Studies

Beginning with preliminary studies by Medawar (Medawar 1948) and Burnet
(Burnet 1970), the concept of immunological surveillance of tumor cells was based on
immunogenicity studies utilizing implanted (Foley 1952), carcinogen-induced (Foley
1953, Sjogren 1961), or virus-induced (Sjogren 1961) tumors. Using these models, it was
believed that a tumor cell can express the genes encoding proteins or “factors” that the
immune system can recognize to discriminate between normal and tumor cells. In 1970
Stutman, who was one of the contenders of this theory (Stutman 1974), investigated
tumor development in immunodeficient (athymic “nude”) mice that lacked adaptive
immunity. Contrary to what was expected, the mice failed to show any notable
acceleration in either induced carcinogenesis or in growth of the implanted tumors.
Thus, because of the absence of T and B cells in these mice, the conclusion was made that
the immune system was not involved in tumor surveillance. It was later discovered that
some immune surveillance components in nude mice, such as Y0 T cells and natural
killers (NKs), are fully functional; therefore, Stutman’s experiments were misinterpreted.

Based on this observation and the work of those following Stutman, the genetic
knockout technique was employed in the 1990s to generate mouse lines in which the

adaptive immunity system was partly or entirely disrupted. These knockout lines
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allowed the role of adaptive immunity in protection against tumors to be properly
analyzed. One model in particular, which is the gold standard in cancer immunology, is
the RAG (recombination activating gene)-knockout murine model. These mice lack the
ability to undergo somatic recombination, a process that is required for rearrangements
of both immunoglobulin and T cell receptor genes (Mombaerts et al. 1992) to generate
functional T and B cells. In contrast to nude mice, the adaptive immunity system of
RAG-/- mice is entirely non-functional.

Another commonly used murine model with a disrupted immunity is the SCID
(severe combined immunodeficient) model. Due to a mutation that inactivates the gene
for the catalytic subunit of DNA-dependent protein kinase, this defect impairs DNA
double-strand break repair and prohibits V(D)] recombination (Kirchgessner et al. 1995).
Schreiber et al. (Shankaran et al. 2001) conducted experiments on spontaneous
carcinogenesis with SCID and RAG-/- mice and with mice defective in signaling
pathways involving IFN-y, an important immunoregulatory cytokine for the formation
of functional cytotoxic T lymphocytes (CTLs). An accelerated emergence of spontaneous
and induced tumors was observed in these experiments as well as a shorter survival
time. Within the field of tumor immunology, these findings from RAG-/- and SCID mice
contributed to the revival of the immunological surveillance concept. It was also
observed that when carcinogen-induced tumor cells were implanted into recipient mice,

the tumor could be cleared in only a few recipients, indicating that some mice were
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incapable of effective immunological surveillance. From these findings, it was evident
that the adaptive immune system can indeed recognize tumor cells and destroy some of
them. Secondly, the pressure imposed by the immune system selects the tumor cell
variants that successfully escape immune recognition. As a result, the immunological
properties of tumor cells undergo immunoediting (Dunn, Old and Schreiber 2004).

This conclusion has both positive and negative implications. The immune
system combats tumor cells; hence, the understanding of the mechanisms of the combat
would allow an increase in its efficiency. On the other hand, in spite of the resistance of
the perfectly healthy immune system, tumor cells can change their properties and escape
immune surveillance by several mechanisms (MHC downregulation, decreased tumor
antigen expression (Seliger, Ritz and Ferrone 2006), or induction of anergic CTLs). As it
became evident from these knockout models, the immune system is capable of targeting
tumors in vivo, but it attempts to do so amidst a great deal of immunosuppression

(O’Garra and Vieira 2004, Bierie and Moses 2006).

2.3.2 Applications of Syngeneic versus Human Xenograft Models

Before immunotherapy clinical trials for MGs can be implemented, it is crucial to
test potential novel therapies in a relevant animal model. Such a model would need to
exhibit predictable and reproducible intracranial growth patterns, mirror the
histopathological and biochemical aspects of human gliomas, and possess a lack of

interspecies immunogenicity. The implantation of rodent glioma cells has proven to be
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an excellent intracranial glioma model due to efficient tumorigenesis and reproducibly
accelerated growth rates (King et al. 2005). Syngeneic murine models (i.e. GL26 cells in
C57BL6 mice (Candolfi et al. 2007, Kim et al. 2006), SMA-560 cells in VMDK mice
(Sampson et al. 1997), CNS-1 cells in Lewis rats (Candolfi et al. 2007, Kruse et al. 1994),
and F98 and RG-2 cells in Fisher rats (Tzeng et al. 1991, Barth 1998, Muhammad et al.
2009 ) are all non-immunogenic (in terms of eliciting a response against a foreign genetic
background) and constitute an excellent tool for studying immunotherapeutic responses
of gliomas (Candolfi et al. 2007, Muhammad et al. 2009 , Ali et al. 2004, Ali et al. 2005).
Furthermore, because these animal models have an intact immune system, they are a
valuable tool to test cross-reactivity of immunotherapeutic approaches with an
endogenous pathogen-defense system (Ali et al. 2004, Ali et al. 2005, Candolfi et al.
2009). As an extension to syngeneic models for immunotherapeutic evaluation,
spontaneous genetically engineered mouse (GEM) glioma models (Weiss et al. 2002,
Ding et al. 2000) based on loss or increased expression of relevant genes implicated in
human glioma pathogenesis, provide a unique opportunity to examine the pathologic
and molecular alterations associated with tumor development and progression, while
still preserving the function of the host’s immune system.

Human glioma xenografts implanted into immunocompromised mice have been
extensively employed in preclinical glioma research. Human xenograft models exhibit

histopathological features that resemble human gliomas and retain the relevant gene
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amplifications (Giannini et al. 2005). Also, these models are very useful for initial
evaluation of novel imaging techniques (Cho et al. 2005) as well as new therapies for
gliomas, including anti-angiogenic therapy (Kirsch et al. 1998, Lund, Bastholm and
Kristjansen 2000), chemotherapy (Tentori et al. 2003), radiotherapy (Shen et al. 2005),
targeted toxins (Kawakami et al. 2004), or oncolytic viruses (Cirielli et al. 1999, Gromeier
et al. 2000, Gromeier et al. 2000). Although their xenogeneic nature impairs the study of
immune-mediated anti-tumor strategies (due to the intact murine immune system), they
do permit the assessment of the efficacy of therapeutic approaches in human glioma

cells in the context of normal brain tissue.

2.3.3 Transgenic Mouse Models

Transgenic mouse models in immunotherapy studies have allowed one to
investigate the effects of different immunotherapy approaches on cancer. Human
leukocyte antigen (HLA) transgenic mice can potentially overcome some of the main
limitations inherent to human studies, such as the need for peripheral blood samples,
the lack of controls, and the inability to control the influence of both MHC and non-
MHC restricted genes on the immune responses. The HLA-A2 allele is one of the most
common alleles in the general population (20-50%), considering variations between
distinct ethnic subpopulations (Sette and Sidney 1999, Harvald 1989). It is this allele that
has been chosen most frequently as the exemplary MHC class molecule to be used in

transgenic models. In 1991 Vitelo et al. generated HLA A2.1/Kb transgenic mice (Vitiello
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et al. 1991), which have since been used by a number of groups to study CTL-mediated
anti-tumor immunotherapy strategies (McLaughlin et al. 2001). Because effector cells
can recognize tumor cells and initiate their elimination, many transgenic strains have
been activated to express modified human immune effector molecules. To study
whether circulating naive CD4+ T cells could home to a tumor region and respond to
idiotope (Id) peptides, Lauritzsen et al. established BALB/c mice transgenic for the af3
TCR specific for the A2%5 light-chain Id-peptide of a myeloma protein (Lauritzsen et al.
1998, Lauritzsen et al. 1994). The transgenic CD4+ T cells displayed the characteristics of
naive class II-restricted T cells in normal mice, proving that these mice were appropriate
to study the role of naive T cells in immunosurveillance. By challenging the mice with
different tumors, it was demonstrated that the transgenic mice were specifically
protected against A235-expressing tumors.

Although B7-1 transgenic mice are usually generated to study the pathology of
autoimmune diseases, the information provided by this model also holds implications in
effective tumor immunotherapy. To explore the need for co-stimulation in
autoimmunity, Allison et al. generated mice transgenic for B7-1 (Allison et al. 1998).
Islets with IL-2 and confluent B7-1 expression were destroyed, whereas islets with IL-2
and patchy B7-1 expression showed selective killing on the B7-1+ 3 cells. Islet-reactive T

cells rejected syngeneic islet grafts, but only if these expressed B7-1. These results
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suggest that the eradication of a tumor might be dependent on continuously stimulated
tumor-associated antigen (TAA)-specific CD8+ T cells locally by B7 molecules.
Preclinical findings from transgenic models have already found their ways to the
patient, as they are currently being further evaluated in clinical settings. Transgenic
lines expressing TAAs or oncogenes are extremely useful for the study of
immunotherapeutic efficacy versus toxic effects. Furthermore, HLA and effector
molecule transgenic mice permit the investigation of mechanisms involved in successful
immunotherapy without the hindrance of tolerance. Crossing mice with both of these
features will ultimately lead to the generation of animal models even more relevant to

the treatment of human disease.

2.4 Cellular Based Strategies

The term immunotherapy refers to any approach that seeks to mobilize or
manipulate the immune system of a patient for therapeutic benefit. In this regard, there
are numerous strategies for overcoming resistance the immune system may hold in
targeting cancer. These include non-specific activation of the immune system with
microbial components or cytokines, antigen-specific adoptive immunotherapy with
antibodies or T cells, and active immunotherapy, which is direct vaccination specific to
tumor antigens. The main limitation of using antibodies is that target proteins must be
present in the extracellular milieu. By contrast, T cells may target intracellular and

extracellular antigens, which are presented at the cell surface in complexes with major
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histocompatibility complex (MHC) class I and class II, respectively (Townsend, Gotch
and Davey 1985). The identification of defined tumor antigens in humans prompted the
development of adoptive T-cell therapy. Yet, the most attractive strategy is vaccination.
Active immunotherapy via vaccination is aimed at eliciting a specific de novo immune
response against select tumor antigens. This form of therapy is expected to induce both
therapeutic T-cell immunity (in the form of tumor-specific effector T cells) (Yu et al.
2004) and protective T-cell immunity (in the form of tumor-specific memory T cells that
can control tumor recurrence) (Klebanoff et al. 2005). In our experience with the tumor
specific epidermal growth factor receptor class III variant (EGFRvVIII) antigen uniquely
expressed in GBM tumors, vaccination against EGFRVIII has been shown to induce long-
lasting and specific T cell immunity as well as potent humoral responses against the

protein (Sampson et al. 2009).

2.4.1 Active Immunotherapy with RNA-Transfected Dendritic Cells

Preclinical studies have shown dendritic cells (DCs) to be the most potent
activators of de novo and recall responses in B and T cells and are thus regarded as one of
the most promising entities for the realization of successful tumor immunotherapy. Our
group has utilized the method of tumor-associated RNA transfection into DCs to
prepare potent DC vaccines against MGs. The greatest advantage for using RNA-
transfected DCs is the ability to extend this approach to a greater mass of patients who

previously were excluded from clinical trials due to limitations in obtaining tumor
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material. Building on existing technologies in molecular biology, we have found that
tumor mRNA can be isolated from a very small number of tumor cells, amplified, and
used without loss of biological function (Boczkowski et al. 1996). For instance, RNA
isolated from tumor cells that were microdissected from pathology slides can be
amplified and used to generate antitumor immune responses when transfected into DCs
(Boczkowski et al. 2000).

The efficacy of RNA transfection in eliciting immunity in vivo has been seen in
several murine models, in which potent CTL responses developed in animals
immunized with mRNA/lipid complexes (Hoerr et al. 2000, Martinon et al. 1993, Zhou et
al. 1999, Zhang et al. 1999, Ashley et al. 1997). These responses were comparable to
those achieved by infection with a live virus, indicating a physiologically significant
level of immunity achieved by vaccination with RNA. In most cases, DCs transfected
with RNA have proved superior to peptide-pulsed DCs in eliciting CTL responses
against either peptide-pulsed experimental targets or intact tumor cells (Boczkowski et
al. 2000, Boczkowski et al. 1996, Nair et al. 1998). Furthermore, in tumor challenge
experiments and stringent animal models of experimental metastasis, DCs transfected
with in vitro transcribed RNA or total tumor RNA (ttRNA) elicit protective antitumor
immune responses (Boczkowski et al. 2000, Ashley et al. 1997). Zhang et al.
demonstrated the efficacy of tumor RNA-pulsed DCs in the 3LL lung carcinoma model

and demonstrated that the vaccine’s antitumor effect could be enhanced by expressing
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the chemokine lymphotactin in the DCs (Zhang et al. 1999). Fortunately, no
autoimmune responses have been detected in mice vaccinated with DCs transfected
with ttRNA (Mitchell and Nair 2000).

RNA transfection offers a means to expand the scope of vaccination to other
classes of tumors by providing an effective and readily measured method for generating
a tumor-specific T cell response and concurrently reducing the amount of tumor tissue
needed for antigen isolation by a significant magnitude. Because tumor mRNA-
transfected DCs are potent stimulators of T-cell immunity in vitro and in vivo (Ashley et
al. 1997, Boczkowski et al. 2000, Boczkowski et al. 1996) and can function as targets in
CTL cytotoxicity assays, they offer a practical substitute for tumor cells in assays to test
the immunological effects of specific antigens. Therefore, the use of DCs transfected
with RNA for tumor immunotherapy is an effective vaccination platform in the

preclinical and clinical setting.

2.4.2 Adoptive T cell Therapy

Adoptive immunotherapy (AIT), which comprises the ex vivo expansion of
effector cells and returning tumor-specific T cells back into tumor-bearing hosts, has
been shown in recent clinical trials to be a potent modality for achieving markedly high
and sustained levels of tumor-specific T cells (Dudley et al. 2002, Huang et al. 2005,
Rosenberg and Dudley 2004). The effectiveness of adoptive T cell therapy relies on the

ability for adoptively transferred lymphocytes to localize to tumor sites and mediate the
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destruction of antigen expressing tumor cells (Cole et al. 1994, Pockaj et al. 1994, Zhou et
al. 2005).

Our preclinical data on of adoptive immunotherapy against malignant gliomas
with systemically administered lymphocytes support the notion that intracerebral
trafficking and retention of T cells may be a limiting factor in the effectiveness of treating
MGs by adoptive immunotherapy (Engelhardt and Ransohoff 2005, Lees et al. 2006,
Plautz and Shu 2001). To enhance intratumoral trafficking, we have explored the
transfer of the chemokine receptor, CXCR2, into CMV-specific T cells to increase
migration toward chemokines secreted in abundance by MGs (Charalambous et al. 2005,
Morita et al. 1993, Nitta et al. 1992) and CMV-infected cells (van Den Pol et al. 1999) (e.g.
IL-8, GRO-1-a, and the CMV viral chemokine, UL146). We have demonstrated that
CXCR2 RNA-modified T cells exhibit increased migration in vitro and localization to the
CNS in vivo in response to CXCR2-specific ligands (Mitchell et al. 2008). Tumor-specific
T cell migration studies in SCID mice using fluorescently labeled human lymphocytes
have revealed that limited entry into the CNS may be a potential barrier to AIT against
MGs. However, our group has previously shown that CXCR2 RNA-mediated gene
transfer significantly enhanced T cell infiltration into the CNS in response to a variety of
CXCR2-specific ligands in vitro and in vivo (Mitchell et al. 2008). These findings support

novel methods for enhancing tumor-antigen specific T cell trafficking into the CNS,
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which may be potent enough to counter the limitations of the CNS barrier as well as the

tumor-induced state of immunosuppression.

2.5 Brain Tumor Stem Cells: A Future Inmunotherapeutic Target

Malignant gliomas display incredible intratumoral heterogeneity, not only
morphologically, but also in differentiation status. Tumor heterogeneity may be derived
from both genetic and non-genetic/epigenetic causes. Growing evidence from
hematopoietic malignancies and solid tumors has supported the hypothesis that a
subpopulation of cancer cells in each malignancy has greater potential for tumor
initiation and repopulation (Al-Hajj et al. 2003, Bonnet and Dick 1997, Galli et al. 2004).
The nomenclature of these cells has been highly controversial due to the lack of
definitive criteria. Glioma stem cells (GSCs) have been described by several groups
(Galli et al. 2004, Hemmati et al. 2003). They are functionally defined with self-renewal
measured by serial neurosphere assay and tumor propagation by in vivo intracranial
limiting dilution assays. GSCs have been implicated in several malignant behaviors.
GSCs have been found to express elevated levels of vascular endothelial growth factor
(VEGF) to promote tumor angiogenesis (Bao et al. 2006). This is of particular
significance as bevacizumab (Avastin), a humanized neutralizing anti-VEGF antibody,
has demonstrated activity against gliomas and was recently approved by the United
States Food and Drug Administration for the treatment of recurrent or progressive

gliomas (Friedman et al. 2009, Vredenburgh et al. 2007, Vredenburgh et al. 2007). GSCs
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have also been characterized to be relatively resistant to radiation due to preferential
activation of the DNA damage checkpoint and lesion repair (Bao et al. 2006), and other
groups have described relative resistance of GSCs to chemotherapies (Johannessen et al.
2009, Liu et al. 2006). These studies may explain in part how patients with a promising
radiographic response universally suffer recurrence and/or progression of their cancers.
Therefore, direct targeting of GSCs may improve the efficacy of conventional cytotoxic
therapies as well as anti-angiogenic therapies.

Although GSCs appear resistant to radiation and chemotherapy, their
susceptibility to immunotherapeutic attack has not been formally tested. A recent study
in a murine glioma model revealed that the immunologic targeting of brain tumors
using DCs pulsed with lysates from tumor cells grown in stem-cell culture media was
more efficacious than DCs pulsed with tumor lysates from cells grown in standard
culture, suggesting that the targeting of GSCs may be of therapeutic benefit (Pellegatta
et al. 2006). Thus, the identification of antigens expressed in GSCs and the development
of immunotherapy that effectively targets these cells is a promising approach toward

improving the outcome of immunotherapy for malignant gliomas.

2.6 Future Directions

Historically, the identification of tumor antigens has been difficult for many
types of cancers, the data generated by techniques such as serial analysis of gene

expression (such as from the Cancer Genome Anatomy Project) have revealed many
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new potential targets within public gene expression databases (Lal et al. 1999). These
data require augmentation and verification, but, when additional tumor-specific
antigens are identified, antigen-specific DC vaccine strategies may become applicable to
many tumor types, with a multitude of specifically identified targets (Heimberger et al.

2002).

2.6.1 The Multi-antigenic Vaccine Approach

Immunologic targeting of tumor-specific gene mutations has the capacity to
allow more precise eradication of neoplastic cells. Most well-characterized tumor
antigens are overexpressed normal proteins that have triggered immunologic tolerance
to some degree. This compromises their effectiveness as tumor rejection antigens and
poses a risk of autoimmunity if these normal proteins are effectively targeted.
Conversely, tumor-specific antigens derived from mutations in somatic genes are less
influenced by central tolerance and less likely to be associated with autoimmunity
(Lennerz et al. 2005). These mutations, however, usually arise randomly as a result of
the genetic instability of tumors (Lennerz et al. 2005). As such, these mutations tend to
be patient-specific, and many are incidental to the oncogenic process. The epidermal
growth factor receptor (EGFR) mutation EGFRVIII, however, is a consistent tumor-
specific mutation frequently seen in glioma patients (Wikstrand et al. 1995, Frederick et
al. 2000, Heimberger et al. 2005) and a broad array of other common cancers (Aldape et

al. 2004, Cunningham et al. 2005, Sampson et al. 2009).
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Although there is data to support the possible benefits of tumor-specific DC
vaccination, there remain a number of issues that must be addressed to optimize this
therapeutic modality. For example, in a study of 21 biopsy samples of human gliomas,
only 47% of the tumors tested positive for EGFRVIII (Wikstrand et al. 1997), and
expression patterns even within these tumors are not homogeneous. This being true,
vaccinations that target only one antigen may not target all tumors or all cells comprised
in a tumor, and these vaccinations may subsequently select for the survival and
proliferation of those cells that do not express the targeted antigen. Although the
specificity of tumor-specific vaccination therapies may have the possible advantage of
minimizing autoimmune complications, the heterogeneity of malignant brain tumors
may limit the effectiveness of vaccinations targeting only one tumor-specific antigen.
Furthermore, cross-presentation of non-targeted antigens could also lead to deleterious
autoimmune responses. Conversely, multi-antigenic vaccines in this patient population
have shown robust immunologic responses and encouraging clinical results without the
induction of autoimmunity, and catastrophic autoimmune responses have not been
reported to date (Sampson et al. 2009).

The advantages of vaccinating with total tumor-derived material are that the
identity of the tumor antigen(s) need not be known and that the presence of multiple
tumor antigens reduces the risk of antigen-negative escape mutants. The potential

benefit of using ttRNA is that it can be amplified from a small number of tumor cells.
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Furthermore, isolating bona fide tumor cells from patient specimens by ex vivo
purification methods and combing this with the use of RNA subtractive hybridization
techniques may reduce the concentration of self, potentially autoreactive antigens in the

vaccine preparation (Ashley et al. 1997).

2.6.2 Overcoming GBM Disarmament and T cell Exhaustion

Another outstanding limitation to the realization and efficacy of cell-based
immunotherapies is the level of host immunosuppression imposed by the infiltrating
tumor. Despite being restricted to the intracranial compartment, MGs elicit defects in
host systemic cellular immune responses that are notably severe (Dix et al. 1999). These
defects are characterized by dramatic reductions in both CD4+ T cell numbers and
function. As a result, patients with MG suffer severe CD4+ lymphopenia (Fecci et al.
2006, Hughes et al. 2005) with substantial T cell anergy characterizing the remaining
CD4+ compartment (Morford et al. 1997). We have recently shown that a
disproportionate presence of regulatory T cells (Tregs) amid CD4+ T cells provides an
explanation for diminished T-cell function in these patients (Fecci et al. 2006).
Furthermore, our intracranial MG murine model recapitulates these findings.
Specifically, tumor-bearing mice show dramatically reduced CD4+ counts in the
peripheral blood, spleen, and cervical lymph nodes (CLNs), as well as increased Treg

fractions and reduced T cell responsiveness (Fecci et al. 2006).
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Specific monoclonal antibodies (mAbs) that block immunosuppressive pathways
in tumor-bearing hosts have demonstrated considerable benefit in preclinical and
clinical immunotherapy settings. CTLA-4, a receptor constitutively expressed on Tregs
and upregulated during activation of effector T cells, mediates downregulation of the
immunologic response in activated lymphocytes (Chambers et al. 1996, Brunet et al.
1987). We have shown CTLA-4 blockade to be a potent method for mediating the
immunologic rejection of advanced gliomas in our murine models and reversing glioma-
induced immunosuppression (Fecci et al. 2007) and are currently pursuing evaluation of
the clinical safety and efficacy of this modality in patients with MGs. In mice, CTLA-4
inhibition led to resistance to Tres-mediated suppression in effector cells without
affecting the suppressive capacity of Tregs from CTLA-4 treated animals, indicating that
despite constitutive expression of CTLA-4 on Tregs, the major impact of CTLA-4 blockade
is on activated effector cells. Strategies to block the function of Tregs have shown promise
in other clinical settings, and recent studies from our laboratory and others have
demonstrated the potential benefits of Treg blockade using anti-CD25 mAbs in enhancing

immunotherapeutic treatment of MGs (Velicu et al. 2006, Fecci et al. 2006).

2.7 Discussion

Given the presented strategies for immunotherapeutic intervention in preclinical
models, a future focus for the future treatment of MGs would be to incorporate

immunotherapeutic strategies in a combinatorial fashion with current standard of care
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modalities for eradicating MGs in patients. In general, conventional therapies involve
tumor resection, irradiation, and systemic chemotherapy (Sawaya 1999). Unfortunately,
most patients develop recurrence or progression after radiation treatment, and tumor
radioresistance renders re-irradiation treatment less effective and potentially more toxic
(Rich and Bigner 2004). Thus, cellular-based immunotherapies that can act in a
synergistic fashion with radiation and chemotherapy sensitivity may improve outcomes
in these patients.

The synergistic effects of vaccines with chemotherapy have been examined in
clinical trials from major healthcare institutions (Gribben et al. 2005, Wheeler et al. 2004).
In one study, clinical outcomes (survival and progression times) were analyzed
retrospectively in vaccinated and non-vaccinated de novo glioma patients receiving
chemotherapy. Patients receiving post-vaccine chemotherapy had longer survival times
and exhibited significantly longer times to tumor recurrence after chemotherapy,
relative to their own previous recurrence times, as well as relative to patients receiving a
vaccine or chemotherapy alone. Based on the evidence that DC vaccination induces
specific CTLs targeting the drug-resistant-related TAAs, and the aforementioned clinical
observations, it is possible that therapeutic vaccination works synergistically with
subsequent chemotherapy to elicit tangible clinical benefits for glioma patients mediated
by sensitizing tumor cells to therapeutic drugs after CTL immune selecting to deplete

drug-resistant tumor cells.
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Immunization with cancer vaccines in particular offers advantages that other
cancer therapy strategies do not. First, it is highly specific for cancer cells and, therefore,
low toxicity should be expected. Second, it recognizes and eliminates cancer cells,
regardless of their cell cycle phase. Third, tumors that developed drug resistance would
still be a suitable target for immunotherapy. Fourth, vaccination offers the unique
potential for a durable antitumor effect due to the phenomenon of immunological
memory, potentially obviating the need for prolonged, repetitive cycles of therapy.
Finally, immunotherapy offers the possibility of preventative immunization of high-risk
patients (Emens and Jaffee 2003). Given that synergistic effects of DC immunotherapy
followed by chemotherapy have been observed in the clinical setting, further
investigation of appropriate dosing schedules in preclinical models are necessary to

examine the most potent, long-lasting, and safest regimen for targeting gliomas.
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3. Issues Relevant to Efficacy of Dendritic Cell Vaccines
for Glioblastoma

The prognosis for GBM remains very poor despite aggressive multimodal
therapy, including gross total surgical resection and radiation therapy with adjunct
chemotherapy (Stupp et al. 2002). Additionally, these conventional therapies have
potentially serious side effects (Wefel et al. 2004, Holdhoff and Chamberlain 2013) and
do not provide long-lasting cures. This non-selectivity calls for novel therapeutic
strategies that can precisely target invasive tumor cells while minimizing collateral
damage to nearby brain parenchyma. The rationale for employing the immune system
to target GBM tumors is based on the premise that the inherent biologic specificity of the
immune system can meet the clear and urgent need for a more precise medical therapy.
Furthermore, the bioavailability of the immune system’s cellular effector mechanisms
and capacity to mount immunologic memory responses have been shown to be quite
vast, even within the once-believed immunoprivileged CNS (Stevens et al. 1988, Owens
et al. 1994). Immunotherapeutic strategies are being evaluated for efficacy against
malignant gliomas (MGs) at an accelerated rate. As such, the majority of clinical studies
to date have focused primarily on safety parameters with intentions to subject these
therapies to higher-powered clinical studies with primary endpoints in clinical
outcomes.

This chapter discusses the advantages of utilizing the dendritic cell (DC)

compartment of the immune system to specifically mount potent antitumor responses
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against GBM, the most aggressive of all MGs. Additionally, the following chapter
includes an introduction of some of the early studies leading up to the recent platforms
that employ DC-based therapy and discusses the obstacles that are currently precluding

full optimization of this immunization strategy.

3.1 Enhancing Dendritic Cell Vaccination

Steinman and Cohn originally described the DC compartment (Steinman and
Cohn 1973), which serves as a crucial link between innate and adaptive immunity
(Legge and Braciale 2005, Castellino et al. 2006) . Although they represent only a small
population of leukocytes, they are the most powerful antigen presenting cells (APC)
with the unique ability to activate naive T cells (Banchereau et al. 2000). As sentinel
members of the innate immune system, DCs respond to antigens and molecules
containing pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) by the generation of protective cytokines (Granucci,
Zanoni and Ricciardi-Castagnoli 2008). As members of the acquired immune system,
DCs respond to these harmful molecules by efficient antigen uptake, processing, and
presentation, and hence DCs are crucial in the initiation of adaptive immune responses.
Besides their potent capacity to stimulate naive T cells, effector T cells and memory T
cells, as well as B cells, DCs are also involved in the maintenance of tolerance against

self-antigens (Weber et al. 2014).
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Preclinical studies have shown dendritic cells (DCs) to be the most potent
activators of de novo and recall responses in B and T cells and are thus regarded as one of
the most promising entities for the realization of successful tumor immunotherapy
(Ashley et al. 1997). Our group has employed the method of tumor-associated RNA
transfection into DCs to prepare potent DC vaccines against newly diagnosed GBM
tumors. A major advantage for using RNA-transfected DCs is the ability to extend this
approach to a large number of patients despite limitations in obtaining tumor material
for vaccine preparation, as tumor-derived mRNA can be amplified from just a small
number of tumor cells (Boczkowski et al. 2000). Finally, the use of RNA carries a
significant safety advantage over other nucleic acid or viral vectors in that it cannot
be integrated permanently into the host genome. The efficacy of RNA transfection in
eliciting immunity in vivo has been validated in several murine models, in which potent
cytotoxic T-cell responses developed in animals immunized with mRNA/lipid
complexes (Boczkowski et al. 2000). These responses were comparable to those achieved
by infection with a live virus, indicating a physiologically significant level of immunity
achieved by vaccination with RNA. In many studies, DCs transfected with RNA have
proved efficacious due to their superior capacity to prime naive lymphocytes (Wilde et

al. 2009).
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3.1.1 Maturation of Dendritic Cells with Adjuvants and Costimulatory
Agents

The aim of DC vaccination is to induce tumor-specific T cells that can target
tumor cells and induce immunological memory to control tumor recurrence. Regarding
this process, the first step is to provide DCs with tumor-specific antigens. This loading
step can be achieved either by culturing ex vivo DCs with the tumor-specific antigen, and
then injecting these cells back into the patient, or by inducing DCs to take up the tumor-
specific antigen in vivo (Buonaguro et al. 2011). To amplify the potential immune
response, DCs can be matured in vitro with adjuvants or pro-inflammatory molecules
that induce DC maturation. Upon DC maturation, the cell begins to downregulate
antigen capture and increases the expression of surface MHC class II molecules and
costimulatory molecules (Trombetta and Mellman 2005). Furthermore, the maturing DC
begins to secrete pro-inflammatory cytokines as well as upregulate the chemokine
receptor CCR7, the key lymph node homing receptor for peripheral DCs (Braun et al.
2011, Schumann et al. 2010). The ligation of the costimulatory receptor CD40 is an essen-
tial signal for the differentiation of immature DCs into fully mature DCs that are able to
launch adaptive T cell-mediated immunity (Caux et al. 1994). The process of obtaining
DC progenitors from patients and inducing their maturation prior to vaccination back

into the host is summarized below.
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Schematic representation of a DC-based vaccine preparation.
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Figure 2. Schematic representation of a DC-based vaccine preparation.

CD14* monocytes or CD34*hematopoietic progenitors are derived from patients.
Different DC subsets are generated in vitro, with distinct specialization in driving
adaptive immunity to the Th1 or Th2 response. Mature DCs are loaded with one of the
indicated sources of tumor antigens and reinfused in the patient. The most relevant cell
markers characterizing the different activation stages of DCs are indicated. Figure
reproduced with permission (Buonaguro, L., A. Petrizzo, M. L. Tornesello & F. M.
Buonaguro 2011).

A variety of immune-modulating adjuvants have been tested to enhance the
immunogenicity of DC vaccines. Currently, the majority of reported DC vaccine studies
use maturation cocktails composed of recombinant cytokines, such as interferons and
interleukins in combination with ligands for pattern recognition receptors (PRRs)
(Kalinski and Okada 2010). These stimuli have been shown to induce the expression of

endogenous costimulatory molecules, such as CD80 and CD86, and the production of
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key T helper type 1 (Th1)-polarizing cytokines like interleukin-12 (IL-12). As such,
adjuvant-induced activation of distinct innate immunity receptors found on different
endogenous DCs can result in phenotypically distinct immune activation pathways with
different cytokine and costimulatory molecule profiles and hence different immune
response efficacy (Bai et al. 2012). The amount and composition of costimulatory
molecules on therapeutically targeted DCs and the secreted local cytokine environment
at the time of T-cell priming ultimately determine downstream CD4+ T-cell profiles (i.e.
Th1/Th2/Th17/Treg) and shape adaptive immune response pathways. For example, the
“gold standard” protocol for generation of mature human DCs includes a cocktail of
macrophage cytokines, including IL-1p, tumor necrosis factor-alpha (TNF), IL-6, and in
some instances prostaglandin E2 (PGE2), although this pro-inflammatory molecule has
been shown to skew the differentiation of T helper cells to Th2 cells, blocking the
production of IL-12 p70 (Kalinski et al. 2001), thus fostering a T cell phenotype less
optimal for tumor cell killing.

Both cytokines and chemokines have been used as adjuvants to facilitate antigen
recognition and T cell expansion. Of these, the most frequently used cytokine has been
granulocyte-macrophage colony-stimulating factor (GM-CSF). Recombinant GM-CSF
has been administered to patients with advanced cancers as an adjuvant for both
peptide (Slingluff et al. 2003) as well as DC vaccines (Gardner, Elzey and Hahn 2012).

This cytokine has also been delivered as a cytokine released by gene-transduced tumor
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cells, which serve as sources for paracrine delivery of immunomodulatory molecules
(Mach et al. 2000). One of the pioneering studies involving multiple cytokine genes
found that cell vaccines transduced with the gene for GM-CSF were the most potent
inducers of long-lasting, specific, systemic anti-tumor immunity (Dranoff et al. 1993).
Subsequent studies have since confirmed the efficacy of GM-CSE-transduced vaccines
for various systemic cancers (Salgia et al. 2003) and experimental brain tumors
(Driessens et al. 2011). The therapeutic mechanism of action involves the paracrine, local
release of GM-CSF at the vaccine/tumor antigen presentation site, and its subsequent
effect in recruiting and activating APCs, such as DCs and macrophages (Gordon et al.
2008). Consequently, activated APCs prime CD4+ and CD8+ T cells, which recognize the
tumor-associated antigen, infiltrate the tumor, and subsequently lead to tumor
regression and systemic anti-tumor immunity (Ojima et al. 2006).

Imiquimod is another agent that has been employed as a vaccine adjuvant for the
treatment of MGs. Imiquimod is clinically approved for topical use in the treatment of
cutaneous tumors, as its mode of action has been shown to stimulate the toll-like
receptor-7 (TLR7) on resident dermal APCs at the application site (Xiong and Ohlfest
2011). TLRY activation induces inflammatory cytokine expression and maturation of
APCs. For instance, imiquimod has been shown cause plasmacytoid DCs to produce
interferon alpha (IFNa) that directly activates lymphocytes and also exerts a positive

feedback by skewing the differentiation of monocytes into TLR7* DCs that can then
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respond to subsequent imiquimod exposure (Smits et al. 2008). In addition to immune
stimulation, imiquimod has antiangiogenic and proapoptotic activity (Li et al. 2005),
making it an attractive local immunotherapy for cancer. In turn, 5% imiquimod topical
cream (Aldara) was approved for the treatment of basal cell carcinoma and has been
used “off label” to treat a multitude of other cutaneous tumors (A Gaspari, Tyring and
Rosen 2009). In one preclinical study, application of Aldara to the injection site
enhanced the trafficking of DCs to the draining lymph nodes in a murine model of
glioma (Prins et al. 2006). There are numerous ongoing clinical trials that employ Aldara
as a vaccine adjuvant whereby peptide antigen or antigen-loaded DCs are administered
at the skin application site (see Table 4). A reasonable assumption of this approach is
that imiquimod will diffuse into the skin to activate injected DCs or endogenous DCs,
thereby enhancing systemic CD8+ T-cell responses.

It is ultimately the nature of how these distinct adjuvants are combined that
drive the activation of the desired immune pathway. For instance, alum has been shown
to particularly evoke antibody responses to co-administered antigens but is a poor
adjuvant for activating CD8+ T cells. However, the addition of monophosphoryl lipid
A, a synthetic TLR4 agonist, to alum primes a protective long-lived memory CD8+ T-cell
response against influenza virus antigens in mice (MacLeod et al. 2011). Another
example is the use of a combination of IL-1(3, TNF-a and IFN-vy for the induction of DC

maturation ex vivo. This cytokine cocktail was suboptimal for inducing high secretion of
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IL-12p70 (Th1 polarization) and optimal CCR7 expression (migratory potential) by
mature monocyte-derived DCs produced in clinical grade, fetal calf serum-free medium.
However, the addition of IFN-a and polyinosinic:polycytidylic acid (a synthetic TLR3
agonist) to this maturation cocktail resulted in the generation of mature DCs capable of
high IL-12p70 secretion and sufficient CCR7 expression in clinical grade conditions
(Mailliard et al. 2004). Alternatively, selecting certain adjuvant combinations can be
detrimental for DC vaccine efficacy. For example, one preclinical study demonstrated
that GM-CSF used with imiquimod (a synthetic TLR7/8 agonist) resulted in increased
systemic levels of IL-10. Both myeloid-derived suppressive cells and regulatory T cells
were elevated in imiquimod-treated groups, negating antitumor activity (Dang et al.
2012). Therefore, an appropriate combination of proper adjuvants shapes the ability of

mature DCs to generate effective antitumor immune responses.

3.1.2 Overcoming Limited Migration of Dendritic Cell Vaccines to Site-
Draining Lymph Nodes

A crucial feature of DCs is their ability to migrate at various stages of maturation
to allow appropriate antigen capture and presentation (Palucka and Banchereau 2012).
Initially, DC precursors migrate from the bone marrow to peripheral tissues, where they
reside in an immature state and act as sentinels for incoming pathogens and antigens.
Once a DC encounters antigen at sites of peripheral inflammation, it undergoes a series
of chemokine receptor changes to relocate to secondary lymphoid organs such as local

draining lymph nodes. There in the lymph nodes, incoming DCs will encounter naive
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and central memory T cells and present antigen with concomitant costimulatory signals,

initiating a cascade of T cell priming for this specific antigen of interest (Banchereau et

al. 2000).
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Figure 3: Launching the immune response.

Antigens can reach lymph nodes through two pathways: via lymphatics, where
the antigen is captured by lymph node-resident DCs, or via tissue-resident DCs. These
immature DCs capture antigens, and DC activation triggers their migration towards
secondary lymphoid organs and their maturation. DCs display antigens in the context of
classical major histocompatibility (MHC) class I and MHC class II molecules or in the
context of non-classical CD1 molecules, which allow the selection of rare antigen-specific
T cells. Activated T cells drive DCs towards their terminal maturation, which induces
further expansion and differentiation of T cells into effector T cells. If DCs do not receive
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maturation signals, they will remain immature and antigen presentation will lead to
immune regulation and/or suppression. Abbreviations: MHC= major histocompatibility
class; Treg cell= regulatory T cell. Figure reproduced with permission (Palucka and
Banchereau 2012).

The ability of DCs to follow this highly orchestrated migration pattern is reliant
on chemokines being expressed at the right time. Chemokines bind to G protein-
coupled receptors that trigger intracellular signaling pathways involved in cell motility
and activation (Moser et al. 2004). Chemokines and their DC receptors play a key role in
governing DC trafficking to lymph nodes via afferent lymphatic vessels (Gunn et al.
1999, Martin-Fontecha et al. 2003) and from blood (Diacovo et al. 2005). As such, these
axes have become relevant targets for immune intervention.

Based on the natural ability of DCs to mature and migrate to lymph nodes upon
stimulation, mature DCs generated ex vivo have been pulsed with tumor antigens and
injected back into patients as a form of antitumor immunotherapy. The number of DCs
injected and the proportion that migrate to draining lymph nodes are likely important
factors, as these parameters directly affect the magnitude of T cell priming. Monitoring
the in vivo migration of labeled DCs in patients with advanced melanoma has revealed
that a maximum of 4% of intradermally injected DCs were able to reach regional
lymphatics and home to local lymph nodes (Verdijk et al. 2009). Similarly, de Vries et al.
found that DC migration efficiency in patients was severely limited and that the highest
levels of migration were dependent on DC maturation state (De Vries et al. 2003).
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Preclinical investigations have revealed that pre-conditioning the vaccine site with
inflammatory cytokines or mature DCs significantly increases the migration of a
subsequent DC vaccine to VDLNSs, which then proportionally increased the magnitude
of the CD4* T cell response (Martin-Fontecha et al. 2003). Furthermore, distinct
maturation and activation signals (PGE-2) (Scandella et al. 2002) might induce the
preferential expression of CCR7 by DCs, thereby increasing the capacity of these DCs to
respond to the appropriate lymph node homing ligands CC-chemokine ligand 19
(CCL19) and CCL21.

A key parameter in driving DC migration to lymph nodes is the route of
administration of DC vaccines. Antigen-loaded DCs might prime T-cell responses
regardless of the route of injection, but the quality of responses is drastically affected.
This has been shown by the induction of mainly Th1-cell responses after intradermal
and intralymphatic administration compared to non-polarized T-cell and antibody
responses after intravenous administration (Fong et al. 2001). Furthermore, recent
studies in mice demonstrated that the induction of tissue-specific immunity was
associated with the tissue origin of DCs (Mullins et al. 2003). In a mouse model of
melanoma, both intravenous and subcutaneous immunization with peptide-pulsed DCs
induced peptide-specific memory T cells in the spleen and enabled the control of
metastasis in the lungs. However, whereas subcutaneous immunization also induced

memory T cells in the lymph nodes, allowing subsequent protection against
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subcutaneously growing tumors, intravenous immunization had failed to do so (Mullins
et al. 2003). Therefore, DCs can prime T cells with different homing capacities. For
translational application to cancer vaccine trials, the consequence of such an instructive
role of DCs is that, for example, intravenous administration of a DC vaccine against a
melanoma would be unlikely to induce skin-homing effector cells. Certain trials are
evaluating the ability of a high number of autologous DCs directly injected into the
lymph nodes, bypassing the migratory steps from peripheral intradermal sites, to
stimulate highly potent T cell responses in the setting of newly-diagnosed

(NCT00323115) and recurrent (NCT00766753) disease (Table 4).

3.1.3 Frequency of Dendritic Cell Vaccination Dictates Immune
Responses

The frequency of DC vaccination has been studied as a vital parameter affecting
DC migration to draining lymph nodes and the resultant immune responses. In a study
of 18 patients with metastatic melanoma, Bancheareau et al. found that four repeated
vaccinations (within a 6-week period) with CD34* DCs loaded with melanoma-derived
peptide resulted in an increase in the number of melanoma-specific CD8* T cells in the
peripheral blood, as documented by IFN-y ELISpot (Palucka et al. 2003) and CTL assays
(Paczesny et al. 2004). However, the melanoma-specific CD8* T-cell immunity in the
blood was short-lived: all patients that were analyzed lost specific T cells that were
detectable by direct ELISpot, and 4 of 9 patients lost all recall responses by two months

following the last vaccination. Several explanations might be considered. T cells might
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have emigrated from the blood compartment to a peripheral tissue, such as the tumor
site itself (Masopust et al. 2001). Alternatively, the repeated DC vaccinations given in
such a narrow time window might have provided too frequent an antigen stimulation
for optimal T-cell differentiation. Both preclinical and clinical studies of vaccination
against pathogens (Kaech, Wherry and Ahmed 2002, Zinkernagel 2003) indicate that, for
an optimal response, priming should be followed by a booster vaccination 4 to 6 weeks
later. However, these rules might not apply to treatment of a chronic disease such as
cancer. By analogy, chronic viral infections are associated with exhausted T cells,
resulting from chronic antigen presentation (Parish et al. 2014) and their reactivation

through vaccination is likely to require different immunization schedules.

3.2 Dendritic Cell Vaccines in Clinical Studies

Numerous preclinical studies have provided evidence that the use of DCs is an
effective platform for targeting malignant gliomas, and their use has now proceeded to
clinical trials. The following table represents the most current and promising DC
immunotherapy trials being employed for malignant glioma, with a portion dedicated to
evaluating the efficacy of these techniques directly compared to the current standard of

care therapy.
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Table 4:

Recent clinical trials employing DC immunotherapy for malignant

gliomas.
UL Ay, Primary 5 . Treatment
. Dosing Regimen
Clinical Trial Criteria RS ROl SoERe
Newly diagnosed DLT and MTD Intradermal DC Not
of autologous vaccination on days 0, randomized
Histologically tumor lysate- 14, and 28; ; single arm
confirmed WHO pulsed DCs in phase I for
grade III or IV patients with Cohorts of 6-12 safety
disease malignant patients receive profile
T gliomas escalating doses of
(Liau et al. tumor l)ﬁsate-pu}sed
2005) DCs unfal MTD is
determined;
MTD is defined as the
dose preceding that at
which 2 of 3 or 2 of 6
patients experience
dose-limiting toxicity
Newly diagnosed Most effective Autologous DCs Arm I:
or recurrent glioma | combination of | treated with tumor-cell | Tumor
of WHO Grade III DC vaccine lysate given lysate-
or IV components intradermally pulsed DC
vaccine
with
placebo
cream or
intramuscul
NCT01204684

ar injection

of saline.

Arm II:
Tumor
lysate-
pulsed DC
vaccine +
0.2%
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resiquimod.

Arm III:
Tumor
lysate-
pulsed DC
vaccine +
adjuvant
polyICLC
(TLR3
agonist)
Histopathologic Safety and PFS Imiquimod applied Not
diagnosis of following topically on days 1-5 of | randomized
malignant glioma administration each cycle; ; single arm
of tumor phase I for
lysate- loaded Intradermal DC safety
NCTO01792505 DCs + vaccination at profile
Imiquimod imiquimod-treated site
on day 3;
Cycles repeated every
2 wks for three total
DC vaccines
Relapse of high Safety study to DC vaccine Not
grade glioma (AA evaluate use of administered weekly randomized
WHO grade III or DCs loaded for a total of four ; single arm
GBM WHO grade with tumor vaccinations; phase I for
V) lysate is in safety
NCT01808520 pediatric and Tumor lysate injection profile
adult patients during wks 8, 12, 16,
with relapsed and 28;
high grade Imiquimod prior to
glioma or GBM and following DC or
lysate vaccine
Histologically Evaluate safety | Tumor lysate-pulsed Arm [: TMZ
confirmed GBM,; and feasibility autologous DCs only
NCT01957956 of adjuvant
Gliosarcomas and TMZ with *Courses repeat every Arm II: 5-
other grade 4 28 days in the absence day TMZ +

tumor lysate-
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astrocytoma pulsed DC of disease progression tumor
variants (e.g., giant vaccine or unacceptable lysate-
cell) included toxicity. pulsed DCs
on days 1,
3,and 5
ArmIIL: 5
day TMZ +
tumor
lysate-
pulsed DCs
onday 1
Arm1V:
tumor
lysate-
pulsed DCs
on day 1
Histologically Safety study 5-day TMZ once daily ArmI:
confirmed GBM using CMV on days 1-5; repeat CMV-DCs +
pp65- mRNA- every 4-6 wks forup to | ALT
loaded DCs +/- [ 6 courses in the
ALT following | absence of disease Arm Ik
NCT00639639 TMZ-induced progression or CMV-DCs
lymphopenia unacceptable toxicity; alone
2x107 CMV pp65-
mRNA-loaded DCs
repeated every 1-3 wks
for up to 3 doses
Histologically T-cell CMV-ALT (3x107) +/ ArmI:
confirmed GBM responses in CMV-DCs (2x107) CMV-ALT
patients + CMV-DCs
vaccinated
NCT00693095 with CMV-DCs Arm I
following CMV-ALT
TMZ-induced + saline
lymphopenia
with ALT
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Histologically Assess efficacy | CMV-DCs (2 x 107) Not
confirmed GBM of basiliximab randomized
after TMZ- CMYV pp65-specific ; single arm
induced cytotoxic T cells (3 x phase I for
lymphopenia 107/kg) with first DC safety
NCT00626483 in the context vaccine; profile
of.vaccmatmg Basiliximab (20 mg)
with CMV-DCs with first DC vaccine;
with CMV-
specific T cells | Imiquimod (5%, 12.5
mg)
First recurrence of Safety study Escalating dose of Not
GBM with BTSC BTSC-DCs (2x10¢, randomized
mRNA-loaded 5x10¢, and 2x107) to ; single arm
NCT00890032
DCs establish MTD and phase I for
DLT safety
profile
Pediatric or adult PFS assessed Trivax (tumor lysate- ArmI:
patients (3-70 12 months pulsed DCs, 5x10°) Trivax,
years); following post- | administered at wks 7, Surgery,
NCT01213407 . . operative MRI 8,9,10,12, 16, 20, 24, TMZ, + RT
Histologically 28, and 32
confirmed GBM Arm II:
Surgery,
TMZ, + RT
Newly diagnosed, PFES from time DCVax-L: Two Arm I
unilateral GBM; of intradermal injections DCVax-L
randomization of DCVax-L (treatment
Previous surgical cohort) or autologous Arm II:
resection, PBMC (placebo (Placebo)
NCT00045968 | conventional cohort); autologous
external beam RT PBMC
and concurrent Administered at days
TMZ therapy 0, 10, 20, and at wks 8,
16, 32, 48, 72, 96 and
120
NCT00323115 | Histologically Tumor-specific DC vaccine: cervical Not
(Fadul et al. confirmed GBM; cytotoxic T-cell | lymph node injection 3 | randomized
2011) response times every other ; single arm
following for safety
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Newly diagnosed intranodal week; and efficacy
injection of
autologous
gliomalysate- | g jard TMZ +RT 6
derived DC .
) wks before vaccine
vaccine
Newly diagnosed OS and PFS At least four Arm I: ICT-
GBM from time of intradermal DC 107 DC
randomization vaccines (ICT-107) and vaccine
additional vaccine pulsed with
during a maintenance immunoge
phase nic peptides
NCT01280552 from tumor
antigens
Arm II:
(Placebo)
unpulsed
autologous
DCs
Primary or (O] Standard of care ArmI: DC
secondary GBM maximal resection, vaccine
TMZ, and RT prior to
DC vaccine;
8-10 x 106 DCs Arm I
administered (Placebo)
intradermally near saline
back of the neck to
NCT01567202

facilitate DC migration
to cervical lymph
nodes;

DC vaccine given once

weekly for six wks

DCs pulsed with stem-
like cell associated

antigen
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NCT00766753
(Okada et al.
2011)

Recurrent,
histologically

confirmed:

GBM, anaplastic
astrocytoma,
anaplastic
oligodendroglioma,
anaplastic mixed
oligoastrocytoma,
or other anaplastic

glioma

Safety and
induction of
immune

responses

Type-1 aDCs loaded
with glioma-associated
antigen epitopes and
poly-ICLC adjuvant;

Ultrasonography-
guided intranodal
injections in groin and
axillary sites every two
wks (first four

vaccines);

Week 13 initiates up to
five vaccines every
four wks +/- poly-ICLC
twice weekly;

Week 33 initiates five
additional vaccines
every 6 months +/- 2

wks;

Poly-ICLC 10ug/kg
and up to 1640
pg/injection
administered
intramuscularly on the
day of each booster

vaccine

Not
randomized
; single arm
for safety
and efficacy

Abbreviations: ALT: autologous lymphocyte transfer; BTSC: brain tumor stem

cells; CMV: Cytomegalovirus; DLT: dose-limiting toxicity; GBM: glioblastoma; kg

kilograms; MTD: maximum tolerated dose; OS: overall survival; PBMC: peripheral

blood mononuclear cells; PFS: Progression-free survival; RT: radiation therapy; TMZ:

temozolomide; pg: micrograms; wks: weeks.

One of the first clinical studies employing DCs was conducted by Yu et al., which

revealed that systemically ascertainable cytotoxicity could successfully be developed in
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4 out of 7 testable patients who received DCs pulsed with MHC-I peptides eluted from
the surface of autologous glioma cells. Furthermore, two out of four that underwent
reoperation demonstrated robust CD8+ and memory (CD45R0O+) T-cell infiltrates found
within the tumor microenvironment. Based on the small sample size, no reliable data on
survival could be generated, but the treatment proved safe in these small numbers (Yu
et al. 2001). The investigators transcended the safe administration of MHC-I peptide-
pulsed DCs in a follow-up phase I study (NCT01792505) evaluating the safety and
clinical efficacy of autologous DC vaccines administered with imiquimod in enhancing
the immunogenicity of this approach. This study is currently active and expected to
reach completion in October 2016.

Liau et al. also reported a phase I clinical trial (NCT00068510), which is now
completed, using DCs pulsed with peptides eluted from autologous glioma cells.
Twelve patients with GBM were enrolled and three biweekly intradermal vaccinations
were given. No serious adverse events were observed and six patients developed
systemic antitumor cytotoxic T lymphocyte (CTL) responses. Unfortunately, the
induction of systemic effector cells did not translate into objective clinical responses,
particularly for patients with actively progressing tumors or those with tumors
expressing high levels of transforming growth factor-beta (TGF-B). However, T-cell
infiltration did correlate with clinical survival. The study group experienced four long

term survivors (more than 2 years) who had DC therapy during initial stages and
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received TMZ after recurrence (Liau et al. 2005). The investigators repeated this
approach proven to be safe in a phase II study (NCT01204684) with the focus to
overcome prior limitations in inducing antitumor immune responses potent enough to
predict clinical outcomes. The primary outcome measure of this study is to evaluate the
most effective combination of DC vaccine components (autologous DCs with the
adjuvant of interest) in inducing the most potent T cell responses. The study is expected
to reach completion in September 2014. Furthermore, these methods are currently under
investigation in a phase III trial (NCT00045968) using autologous DCs and tumor lysate
(DCVax-L) for comparison of PFS between treatment and control cohorts (Table 4).

In a phase I/II clinical study, Yamanaka et al. reported on therapy using DCs
pulsed by tumor lysates. Twenty-four patients with recurrent malignant glioma (6
Grade III and 18 Grade IV patients) were evaluated in a phase I/II clinical study. DCs
were injected intradermally, or both intratumorally and intradermally every 3 weeks.
Increased ELISpot and delayed-type hypersensitivity (DTH) responses after vaccination
provided good laboratory markers to predict the clinical outcome of patients receiving
DC vaccination. The OS of patients with GBM was 480 days, which was significantly
better than in the control group (Yamanaka et al. 2003). There is currently an ongoing
study assessing the safety and efficacy of DC vaccines loaded with tumor lysate for the
treatment of both adult and pediatric patients (= 13 years old) with refractory MG

(NCTO01808820). This study utilizes a two-stage approach of DC vaccination course with
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prior imiquimod administration before each vaccine and then a second stage of
vaccination with tumor lysate alone to perpetuate the immune response against
aggressive tumors. This is one of the first studies including both adult and pediatric
patients with recurrent MG for safety evaluation of DC vaccine therapy and is expected
to reach completion in July 2018.

Although these DC therapies have demonstrated promising efficacy in
preclinical glioma models with favorable safety profiles in phase I clinical trials, it is of
critical importance that these modalities are translated into both phase II and III clinical
trials. A majority of phase I clinical trials using DC vaccines to treat malignant gliomas
have been conducted on patients with advanced stage cancer or even recurrent disease.
Assessing therapeutic efficacy in this refractory patient population may contribute to the
low success rate observed in higher-powered trials. In order to adequately judge
efficacy, clinical trials need to be conducted on patients with earlier stage disease to
assess efficacy against newly-established tumors. Such is the case with a phase II trial
(NCTO01280552) evaluating the efficacy of tumor antigen-pulsed autologous DCs versus
unpulsed DCs in a population of newly-diagnosed patients with GBM (Table 4). This
study is expected to reach its final data collection for the primary outcome (OS from

randomization) in October 2014.
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3.3 Multimodal Therapy: Dendritic Cell Vaccines with Adjuvant
Temozolomide and Radiation Therapy

There are a number of advantages to combine immunotherapeutic strategies
with conventional therapeutic methods such as chemotherapy and radiation therapy
(RT) (Lake and Robinson 2005, van der Most et al. 2006). Temozolomide (TMZ) given
concurrently with RT or as an adjuvant after RT has become the standard of care for
patients with GBM. Full approval for TMZ was granted in 2005 after significantly
improved OS rates were observed in a randomized trial of patients with newly-
diagnosed GBM (Stupp et al. 2005). Recent studies indicate that the clinical
responsiveness of patients with MGs to chemotherapy is increased after DC
vaccinations. It has been postulated that therapeutic vaccinations increase the sensitivity
to chemotherapy by eliminating chemoresistant tumor cells (Wheeler et al. 2008). Recent
data additionally has demonstrated that tumor cell death triggered by chemotherapy or
RT initiates an immunoadjuvant pathway that contributes to the success of cytotoxic
treatments (Zitvogel et al. 2008). Numerous endogenous danger signals transferred by
dying tumor cells to innate immune effectors may account for the immunogenicity of
tumor cell death (Apetoh et al. 2008). Both anthracyclines and alkylating agents such as
TMZ have been shown to induce an immunogenic cell death by triggering innate
receptors such as TLRs. As a consequence, the ability of DCs to present tumor antigens
from dying tumor cells to T and B cells is enhanced (Curtin et al. 2009, Apetoh et al.

2007). Moreover, the activation of innate immune receptors leads to the upregulation of
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MHC molecules on tumor cells, thus increasing their sensitivity to T-cell-mediated
killing (Grauer et al. 2008).

Additionally, RT and chemotherapy-induced necrosis remove local suppressor
cells, such as tumor-specific Tregs, permitting a more effective T-cell stimulation (Su et al.
2004). One active study currently recruiting patients (NCT00626483) is evaluating the
additive efficacy of TMZ administration with Treg inhibition using a specific monoclonal
antibody basiliximab prior to DC vaccination (Table 4). Furthermore, TMZ
administration has been shown to induce lymphopenia (Dudley et al. 2002), thereby
allowing thymic-independent antigen-driven T-cell regeneration within the context of T-
cell homeostatic proliferation (Mackall, Hakim and Gress 1997). The concept of tumor-
specific immunization at the time of immune reconstitution after TMZ therapy has been
successfully tested in different animal models and phase I and II clinical studies,
demonstrating that the availability of tumor antigens during homeostatic T-cell
proliferation leads to effective antitumor immunity and enhanced memory T-cell
responses (Asavaroengchai et al. 2002, Hu et al. 2002).

Combination therapies integrating DC vaccination strategies into the standard
chemo-radiation protocol are already underway. The currently active studies listed in
Table 4 (NCT01957956, NCT00639639, NCT00693095, and NCT01213407) are evaluating
the safety and efficacy of concomitant TMZ therapy with DC vaccination. Prior studies

have demonstrated that the combination of immunotherapy and TMZ can be successful
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for induction of antitumor responses (Heimberger et al. 2008). However, administration
of anti-immunosuppressive therapy together with chemoradiation must be carefully
timed so as to optimize the immune response. It is of critical importance to establish
reliable, reproducible and quantitative assays to evaluate vaccine-induced immune
responses (Aarntzen et al. 2008). Ideally, pre- and post-vaccination samples should be
taken throughout the course of vaccination concomitantly with the evaluation of clinical
parameters. Vaccine-induced cellular and humoral immune responses should be
monitored in different compartments, especially at the tumor site, in the circulation, and
at the vaccination site using DTH test biopsies. Overall, the combination of RT,
chemotherapy, and immunotherapy has the potential for strong antitumoral activity

against MGs when applied using a well-designed strategy.

3.4 Overcoming Tumor Immune Escape
3.4.1 Mechanisms of Tumor Antigen Escape

A tumor-specific antigen (TSA), resulting from a unique mutation due to random
somatic point mutations or errors in DNA repair and replication, is an ideal antigen for
use in cancer vaccines. Targeting of TSAs ensures safety to the patient due to its
expression solely in the tumor tissue. Consequently, TSAs can elicit a response clinically
more effective than that of any amplified or overexpressed self-antigens while reducing
the risk of autoimmunity. Unfortunately, most antigens targeted to date fall under those

that correspond to normal tissue-specific gene products, which may already be
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“ignored” by peripheral tolerance and thus are less optimal vehicle for mounting T cell
responses (Bellone et al. 2000). This aspect represents a challenge for the appropriate
design of vaccines that have to overcome such tolerance in order to elicit specific
antitumor immunity without undesired autoimmune toxicities.

It is believed that targeting TSAs and selecting for enriched T cell populations
will lead to more effective treatment strategies, but such a premise must address that
GBMs do not homogeneously express the antigen of interest. Following repeated
immunization, tumors can downregulate once immunodominant proteins, a resistance
mechanism known as “antigen escape”. Vaccines that target a single antigen may result
in a second form of antigen escape whereby there is a selective survival and outgrowth
of antigen-negative tumor cells following effective killing of antigen-positive tumor
cells. This process has been documented in the case of targeting EGFRVIII (Sampson et
al. 2010) in GBM and melanoma-specific antigens (Lozupone et al. 2003, Yee et al. 2002).
Thus, the most effective strategies in inducing highly enriched populations of tumor-
specific T cells are those that target a repertoire of multiple antigens while allowing for
the isolation and expansion of a broad repertoire of tumor-reactive lymphocytes. This is
an absolute requisite in the case of GBM tumors, which are composed of highly
heterogeneous cell populations often characterized by high chemoresistance and
recurrence due to remaining glioma stem cells (Liu et al. 2006, Salmaggi et al. 2006). An

ongoing study (NCT00890032) is employing autologous DCs pulsed with patient-
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specific brain tumor stem cell RNA in the recurrent GBM setting. Another recent study
(NCTO01567202) with pending results evaluated the ability of glioma stem cell antigen-
pulsed DCs to confer enhanced clinical outcomes in patients with either primary or
secondary GBM tumors (Table 4).

Because a variety of genes may be mutated or overexpressed even in different
regions of GBM tumors, no single antigen is likely to destroy the tumor. The theory that
multiantigenic vaccines can efficiently target several epitopes has been implemented in
the setting of melanoma (Chianese-Bullock et al. 2005, Slingluff et al. 2008). With regards
to therapy for MGs, a recent phase I study has demonstrated the safety and feasibility of
delivering multiantigenic vaccines in patients with recurrent tumors (Olin et al. 2014). A
total of eight patients were treated with autologous DCs loaded with apoptotic bodies
derived from an allogeneic glioma cell line heavily expressing multiple tumor and
tumor-associated antigens. However, the field of DC therapy for the treatment of MGs
still awaits formal comparisons between multiple versus single antigen approaches in
eliciting antitumor responses and overcoming immune escape. One main reason that
investigators have not been able to undertake the multiantigenic vaccine approach is the
lack of identified targetable antigens resident to GBMs. Therefore, further identification
of unique tumor mutations is critical for the advancement of a multifaceted vaccine.

The successful immunotherapeutic targeting of multiple TSAs likely requires a

comprehensive understanding of immunologically relevant (i.e. MHC-binding)
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oncological epitopes present in each tumor, thereby permitting a rational vaccine design.
Due to the vast heterogeneity of TSAs from patient to patient, high-throughput methods
of epitope discovery are needed. With recent advancements in next-generation
sequencing technologies, this is now becoming a possibility. A current high-throughput
methodology for this purpose utilizes exome sequencing in conjunction with RNA
sequencing, allowing for identification of actively transcribed genes containing tumor-
specific mutations. The difficulty of epitope discovery using this system is the
determination of TSAs that have a high affinity with MHC molecules- a requisite for T
cell activation (Tian et al. 2007). Readily available algorithms predict how tightly a
peptide will bind to an MHC molecule, based on conserved regions within known MHC
epitopes. Experimental methods, such as iTopia Epitope Discovery System and mass
spectrometric analysis of MHC eluted peptides, are also available. Using these
technologies, efforts are currently being made to develop personalized vaccines that are

tailored to each unique tumor.

3.4.2 Tumor-Induced Immune Suppression

Aside from immune evasion, there are immunosuppressive mechanisms intrinsic
to tumor cells that preclude effective DC vaccination. Under the influence of the
tumorigenic microenvironment, host DCs may acquire a tolerogenic phenotype,
producing a variety of immunosuppressive molecules and further supporting tumor

immune escape (Liu et al. 2009). For example, many tumors produce IL-10, a potent
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immunosuppressive cytokine. It has been previously shown that DC differentiation and
functional activities are tightly regulated by this cytokine. In return, DCs can secrete IL-
10 and effectively inhibit T-cell activation (Akbari, DeKruyff and Umetsu 2001).

Emerging evidence indicates that one of the most effective ways to enhance DC-
based immunotherapy is by targeting the negative arm of immune regulation. For future
clinical trials, this may be achieved by the use of small interfering RNA (siRNA) for
knocking down IL-10 expression by DCs (Chen et al. 2007), or other negative regulatory
molecules, such as indoleamine 2,3-dioxygenase (IDO) (Wobser et al. 2007), suppressors
of cytokine signaling 1 (SOCS1) (Evel-Kabler et al. 2006), and TGF-3 (Kao et al. 2003).
Inhibition of expression of these regulatory molecules has been demonstrated to
significantly enhance the abilities of DCs to present tumor antigens, produce IL-12p70,
and induce effective antitumor responses.

Current efforts for DC-based modalities have been compromised by a failure to
utilize the full potential of DCs. Alternative strategies to enhance DC immunogenicity
by functional conditioning and molecular modifications have been investigated in vitro.
The studies discussed in this review indicate that DCs can indeed be functionally
conditioned and genetically modified to acquire an enhanced immunogenic phenotype.
The time has now come to bring DC-based immunotherapy to the next level and
implement above-mentioned observations in a standardized regimen for alternatively

conditioned DCs. Results from first clinical trials targeting newly diagnosed disease will
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subsequently reveal their potential in order to improve treatment of cancer and chronic

infections.
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4. Tetanus Toxoid and CCL3 Improve Dendritic Cell
Vaccines in Mice and Patients with Glioblastoma

4.1 Introduction

Endogenous DCs mature and migrate to lymph nodes upon stimulation with
inflammatory cytokines to induce immune responses against pathogens. Based on this
mechanism, autologous, mature DCs generated ex vivo have been pulsed with tumor
antigens and injected back into patients as a form of antitumor immunotherapy with the
aim of stimulating potent immune responses against tumors. While DC vaccines have
shown limited promise in the treatment of patients with advanced cancers (Palucka et al.
2005, Palucka et al. 2003, Palucka et al. 2006) including glioblastoma (GBM), (Palucka
and Banchereau 2012, Liau et al. 2005, Liau et al. 2000, Yu et al. 2004, Yu et al. 2001) the
factors dictating DC vaccine efficacy remain poorly understood.

There are a variety of factors presumed to be important for realizing DC vaccine
efficacy, including the state of maturation of injected DCs(Nair et al. 2003, Prins et al.
2006, De Vries et al. 2003), the route of injection(Eggert et al. 1999, Lesterhuis et al. 2011),
and the efficiency of DC migration to vaccine site-draining lymph nodes (VDLNSs).
Clinical trials with corroborating preclinical studies have demonstrated that generally
less than five percent of injected DCs actually reach the VDLNs (Eggert et al. 1999,
Eggert et al. 2003, De Vries et al. 2003). Preclinical investigations have revealed that pre-
conditioning the vaccine site with inflammatory cytokines or mature DCs significantly

increases the migration of a subsequent DC vaccine to VDLNs(Martin-Fontecha et al.
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2003). Moreover, the number of dividing antigen-specific T cells in VDLNSs could be
increased with vaccine site pre-conditioning and were proportional to the absolute
numbers of DCs reaching VDLNS.

Although increased DC migration to lymph nodes induces greater effector T cell
responses, it is not known if this results in reduced tumor burden or increased survival
for the host. For this reason, we assessed the impact of DC migration on clinical
outcomes in patients with newly-diagnosed GBM. To enhance DC migration in patients,
we pre-conditioned vaccine sites with either unpulsed, autologous DCs, based on the
preclinical work cited above(Martin-Fontecha et al. 2003), or tetanus/diphtheria toxoid
(Td). We chose Td as a second pre-conditioning regimen based upon its safety profile as
a clinically-approved vaccine and our hypothesis that it would produce recall immune
responses in patients and create an inflammatory stimulus at the vaccine site(Myers et
al. 1982). Patients were randomized to receive either Td or autologous, unpulsed DCs in
a double-blinded fashion unilaterally before bilateral vaccination with Cytomegalovirus
(CMV) pp65 RNA-pulsed DCs. We and other laboratories have shown that CMV pp65
is expressed in GBM but not surrounding normal brain(Dziurzynski et al. 2012,
Ranganathan et al. 2012, Mitchell et al. 2008, Cobbs et al. 2002), providing an
unparalleled opportunity to use this viral protein as a tumor-specific target.

In the preclinical setting, a variety of adjuvants have been employed to induce

local inflammation with the goal of enhancing the immunogenicity of administered
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tumor-specific DCs or tumor-derived peptides (Prins et al. 2006, Bliss et al. 1996,
Chagnon et al. 2005). In our studies, the use of Td unilaterally at the vaccine site
produced a recall response that increased the bilateral migration of our tumor-specific
DC vaccine in patients with GBM and in mice. Moreover, patients randomized to Td
showed a statistically significant increase in progression-free survival (PFS) and overall
survival (OS) even compared to those receiving unpulsed DCs.

Given the unexpected and apparent systemic effects of Td pre-conditioning, we
analyzed circulating cytokines and chemokines in the sera of patients and experimental
mice treated similarly, and both species revealed a particular increase in systemic CCL3
levels. In vitro chemotaxis studies and in vivo DC migration confirmed a requirement for
CCL3 in increasing DC migration to VDLNs. Together, our clinical studies and
corroborating investigations in mice demonstrate a key relationship between DC

migration and antitumor efficacy and highlight CCL3 as a critical mediator of this effect.

4.2 Materials and Methods
4.2.1 Patient Selection, Demographics and Clinical Protocol

The clinical protocol and informed consent were approved by the U.S. Food and
Drug Administration and Institutional Review Board at Duke University. Adults with a
newly-diagnosed WHO Grade IV GBM, who had a gross total resection and residual
radiographic contrast enhancement on post-resection magnetic resonance imaging (MRI)

not exceeding 1 cm in diameter in two perpendicular axial planes, and a Karnofsky
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Performance Scale score of > 80, were eligible for the clinical study (FDA - IND-BB-
12839, Duke IRB Pro00003877). Histopathology of all specimens was initially read as
GBM, but this diagnosis was re-confirmed by a second board-certified neuro-
pathologist. Histologic diagnosis included immunohistochemistry for MGMT. Benign
endothelial cells staining positive for MGMT served as the internal control(McLendon et
al. 1998). MGMT promoter methylation was performed by PCR. Based on published
reports showing high expression of CMV viral proteins in > 90% of GBM
tumors(Mitchell et al. 2008, Cobbs et al. 2002, Dziurzynski et al. 2012, Ranganathan et al.
2012), we elected not to include pp65 staining of tumor tissue as an eligibility criterion
for this trial. All 13 patients on study received a gross total resection defined as > 90%
with residual contrast enhancement of <1 cm?, and steroid doses could not exceed 2
mg/day of dexamethasone. No patients received intensity-modulated radiation therapy
(IMRT) or had 5-aminolevulinic acid (5-ALA) dye used during resection. Thereafter, all
patients completed a six week course of conformal external beam radiotherapy (XRT) to
a dose of 60 Gray (Gy) with concurrent temozolomide (TMZ) at a targeted daily dose of
75 mg/m?/d. Upon completion of standard therapy, all patients underwent an MRI for
evidence of progressive disease. Those with evidence of progressive disease or required
steroid therapy in excess of physiological levels at the time of vaccination were replaced.
A total of 13 patients were enrolled and randomized prior to the first cycle of standard-

of-care 5-day TMZ (200 mg/m?/day), but one progressed before randomization. For each
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vaccine 2 x 107 mature pp65 RNA-pulsed DCs in 0.4 mL of saline were given
intradermally in the groin. The first vaccination occurred on day 21 + 2 of TMZ cycle 1.
Although some patients (n=5) were also randomized to receive an autologous
lymphocyte transfer, those patients did not show a significant improvement in
progression-free survival or overall survival. Patients given autologous lymphocytes
were additionally administered 3 x 107 cells/kg intravenously with acetaminophen (650
mg per os (po)) and Benadryl (25-50 mg po) given 30-60 minutes before infusion. The
first three DC vaccines were given biweekly, and, at vaccine 4, patients were
randomized to Td or unpulsed autologous DCs and received "In-labeled DCs for
migration studies. Vaccine 4 and additional monthly vaccines until tumor progression
occurred on day 21+2 of successive TMZ cycles. A minimum of six cycles of adjuvant
TMZ were required as per standard-of-care and continuation was at the discretion of the
treating neuro-oncologist. Patients were monitored for treatment-related toxicity, and

none of the patients experienced any vaccine or Td-related adverse events.

4.2.2 Human Autologous DC Generation for Vaccination and
Production of pp65-LAMP/A64 mRNA

DCs were generated using the method of Romani et al.(Romani et al. 1994, Nair,
Archer and Tedder 2012), and after harvest the cells were frozen and assessed for
contamination and lineage purity as previously published(Thurner et al. 1999). The

1.932 kB pp65 full-length cDNA insert was obtained from Dr. Bill Britt (University of
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Alabama-Birmingham, Birmingham, Alabama) and RNA was generated and transfected

as previously reported(Nair et al. 2012).

4.2.3 Human DC Migration Studies

DC migration studies were done at the fourth vaccination. Patients were
randomized by side to have one inguinal vaccination site pre-treated with either 1 x 10°
unpulsed DCs or Td toxoid (1 flocculation unit (Lf)). Saline was administered on the
contralateral side. Vaccination site pretreatment was done 6 to 24 hours before DC
vaccination. DCs were labeled with 10 uCi /1 x 107 DC with "In (GE Healthcare,
Arlington Heights, IL) and divided equally in the two sites. Gamma camera images (GE
Infinia Hawkeye) were taken immediately after injection and at 24 and 48 hours after
injection to compare "'In-labeled DC migration from the inguinal injection sites to the
inguinal lymph nodes.

4.2.4 Progression-Free and Overall Survival

The more recent Response Evaluation Criteria in Solid Tumors (RECIST criteria)
judge progression by measuring the longest one-dimensional diameter and determine
progression by a 20% increase in this diameter(Therasse et al. 2000). Once progression is
detected on MRI, other imaging modalities such as positron emission tomography and a
stereotactic brain biopsy of the enhancing region are incorporated to aid in determining
progression. A stereotactic brain biopsy or resection demonstrating recurrence defines

clinical progression. Progression-free survival (PFS) was defined as the time until
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radiographic or clinical progression and was censored at the last follow-up if the patient
remained alive without disease progression. Overall survival (OS) was defined as the
time until death and was censored at the last follow-up if the patient remained alive at
the time of analysis. PFS and OS for all patients were calculated from both the time of

surgery and from randomization to vaccine site pre-conditioning.

4.2.5 Mice

All animal experiments were performed according to Duke University
Institutional Animal Care and Use Committee-approved protocols. C57BL/6 wild-type,
OT-I transgenic mice, Ccl3”, and RFP and GFP transgenic mice (ubiquitin promoter)
were obtained from the Jackson Laboratory and were bred under pathogen-free
conditions at Duke University Medical Center. The plt strain was provided by M.D.G.
and maintained at Duke University Medical Center. All mice were bred under

pathogen-free conditions at Duke University Medical Center.

4.2.6 Generation of Murine Bone Marrow-Derived DCs,
Electroporation, and Phenotyping

Bone marrow-derived DCs were generated from 6-8 week old female C57BL/6
wild-type, RFP*, or GFP* transgenic mice and pulsed with OVA RNA as previously
described(Inaba et al. 2001). For phenotyping, anti-mouse PE-conjugated CD11c (HL3),
CD80 (16-10A1), CD86 (GL1), Ly-6G (1A8), MHC class II (I-Ab; AF6-120.1) and isotype

controls (IgG1; G235-2356, IgGaa,ic; R35-95) were from BD Pharmingen. Cells were
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washed, resuspended in PBS and 2% FBS, incubated at 4°C for 30 minutes, and washed

again before use.

4.2.7 Vaccine Site Pre-Conditioning and DC Vaccination in Mice

For Td immunization, female 6-8 week old C57BL/6 mice received a primary i.m.
vaccine of Td toxoid (Sanofi Aventis; Decavac®; 1Lf, 100 uL) administered bilaterally
into the quadriceps muscle (50 uL per leg). An i.m. booster (0.5 Lf, 50 pL) was
administered two weeks later. Vaccine site pre-conditioning with saline or Td toxoid
(0.5 Lf) was given i.d. two weeks after the booster and randomized to the right or left
groin site. Mouse IgG antibody responses to Td were measured by ELISA (Xpress Bio).
Serum from immunized mice was harvested two weeks following each immunization
prior to the next booster vaccine. DCs were resuspended at 1 x 10¢/100 uL PBS (Gibco)
and administered i.d. on both sides 0.8 cm from the groin crease 24 hours after i.d. pre-
conditioning. DCs injected in the groin ipsilateral to the Td pre-conditioning side were
directly injected i.d. within the erythematous nodule produced by Td pre-conditioning.
For recall response experiments using other protein antigen formulations, female 6-8
week old C57BL/6 mice received a primary i.m. vaccine of Prevnar 13® (Pfizer,
Pneumococcal 13-valent conjugate vaccine, 1.32 ug, 100 pL) and Pedvax HIB® (Merck,
Haemophilus b conjugate vaccine, 1.5 pg, 100 uL) administered bilaterally into the
quadriceps muscle (50 pL per leg). Vaccine site pre-conditioning with saline or the

protein antigen (50 uL) was given i.d. two weeks later and randomized to the right or
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left groin site. DC vaccines were given 24 hours later, and migration to lymph nodes
was assessed 48 hours later. As with Td pre-conditioning, DCs injected in the groin
ipsilateral to the pre-conditioning side were directly injected i.d. within the
erythematous nodule produced by those formulations. For comparisons of other pre-
conditioning agents, female 6-8 week old C57BL/6 mice received a unilateral dose of
unpulsed, mature DCs (1 x 10¢ in 50 uL) or TNF-a (30 ng) administered i.d. at the groin
site 24 hours prior to DC vaccination. Based on the previous work using these pre-
conditioning regimens, DC migration to bilateral inguinal lymph nodes was assessed 24
hours later. For all other migration experiments, popliteal and inguinal LNs were
harvested 48 hours post-DC vaccination and digested for flow cytometry. The percent
of migrating DCs was enumerated by gating on fluorescent DCs in wild-type VDLNSs.
DCs from wild-type (GFP-and RFP-) mice as negative controls before gating on
fluorescent DCs within VDLNs to account for background autofluorescent cells that may
have appeared in the GFP channel. A sample size (at least three per group) was based
on empirical evidence from previously published reports as the size necessary for

adequate statistical analysis of lymph nodes sampled (Nakano et al. 2009).

4.2.8 Depletion, Adoptive Transfer, and CCL3 Reconstitution

Female 6-8 week old C57BL/6 mice were initially depleted of cellular subsets
once daily (200 pg/mouse intraperitoneally) for three days prior to the first Td i.m.

immunization. Anti-mouse CD4 (GK1.5) and anti-CD8 (2.43) antibodies were purchased
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from American Type Culture Collection (ATCC, Manassas, VA). Anti-mouse NK1.1
(PK136) and anti-CD19 (2D5) and control isotype depleting antibodies (IgG2a (2A3) and
IgG2b (LTF-2)) were from BioXCell. Maintenance doses of depletion antibodies were
administered at three-day intervals (200 pg intraperitoneally) until vaccine site pre-
conditioning with Td two weeks later. For adoptive transfer experiments, Td-activated
CD4+T cells (CD4act) were induced in donor female 6-8 week old C57BL/6 mice. Mice
were primed (1Lf, 100 uL) and boosted (0.5Lf, 50 puL) i.m. with Td two weeks apart.
Three days after the i.d. Td pre-conditioning, donor inguinal lymph nodes, skin
injection sites, and spleens were harvested and processed for negative isolation of CD4+
T cells (Miltenyi Biotec). Complementary sites from naive mice were harvested
simultaneously and processed for negative isolation of CD4+ T cells (CD4naive). A final
dose of 6 x 10° CD4+ T cells were administered intravenously into recipient mice two
days before i.d. vaccination with RFP+ DCs. For CCL3 reconstitution in Ccl3-/- hosts,
recombinant mouse CCL3 (R&D Systems) was administered intravenously into the tail
vein (10 pug/mouse) 12 hours prior to vaccination with RFP* DCs. Ccl3-/- mice that were
Td-immune were given recombinant CCL3 12 hours following Td pre-conditioning at

the vaccine site.

4.2.9 Tumor Implantation Experiments

For tumor implantation experiments, B16/F10-OVA cells were grown as

previously published(Sanchez-Perez et al. 2005) and injected subcutaneously at a
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concentration of 2x 105 cells in 200 pL of PBS in the flank of C57BL/6 mice 8 days before
vaccine site pre-conditioning, the first intradermal vaccine of OVA RNA-pulsed DCs,
and autologous lymphocyte transfer (1:1 infusion of naive: OT-I OV A-specific T cells).
Randomization of mice occurred after tumor inoculation prior to vaccine site pre-
conditioning and the first DC vaccine first by compilation and then by random sorting
into various treatment cages. Mice received two additional weekly vaccines of RNA-
pulsed DCs on days 15 and 22. Ten days after tumor implantation, flank sites were
monitored daily for tumor growth, and tumor size was measured every two days.
Tumor volume (millimeters cubed) was calculated by the formula (length x width? x
0.52) in a perpendicular fashion. Mice were sacrificed when ulceration occurred or
when the tumor reached either 2 cm in any direction or 2000 mm?. Analysis of tumor
growth focused on follow-up assessments before significant dropout occurred. A
logarithmic transformation yielded a linear relationship between tumor volume and
time for all curves. A mixed effects linear model that accounted for correlation of
measurements within a mouse was used to examine the relationship between time and

log [tumor volume + 1]. No blinding was done for these animal studies.

4.2.10 Mouse Tumor Cell Lines

The B16/F10-OVA tumor cell line was a kind gift from R. Vile, PhD (Mayo Clinic)

(Sanchez-Perez et al. 2005, Daniels et al. 2004). The B16/F10 cell line was provided by L.
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Fidler, PhD (M. D. Anderson Cancer Center, Houston, TX) (Fidler 1975). Cell lines

were tested for mycoplasma before use.

4.2.11 Murine Lymph Node Digestion and Quantification of
Fluorescent and Endogenous DCs

Harvested LNs were placed in 6-well culture plates containing 1 mL HBSS with
Ca?/Mg?* (Gibco), digested for 35 min at 37°C with collagenase A (1 mg/mL; Roche) and
DNasel (0.2 mg/mL; Sigma-Aldrich) and 20 mM EDTA (Invitrogen) was added for 5
minutes at room temperature to stop the reaction (Nakano et al. 2009, Nakano, Yanagita
and Gunn 2001). Single cell suspensions were prepared, cells were centrifuged (500 x g x
5 min) and resuspended in PBS with 2% FBS and stained with murine APC-conjugated
CD11c (BD Pharmingen; HL3). For quantification of RFP* or GFP* counts in individual
lymph nodes, samples were resuspended at an equal volume and 50 pL of counting
beads (Invitrogen; 50,000 beads) were added to each sample. Cells were gated first on
murine CD11c* cells and then RFP* or GFP* cells, and absolute cell counts/ lymph node
were quantified using the following equation: RFP* or GFP* events x 50,000 beads/ #
bead events. For endogenous DC migration experiments, cells were surface-stained in
PBS with 3% FBS, 10mM EDTA, 5% normal mouse serum, 5% normal rat serum and 1%
Fc Block (eBioscience; clone 93) and then intra-cellularly stained with anti-CD207
according to the manufacture’s protocol (BD Cytofix/Cytoperm™ Kit). The cells were
analyzed by BD LSRII flow cytometer with FlowJo software (Tree Star). FITC-

conjugated anti-B220 (RA-3-6B2), Alexa Fluor® 700- conjugated anti-Ly-6G (1A8), APC-
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Cy7-conjugated anti-CD11b (M1/70), V450-conjugated anti-Ly-6C (AL-21) are from BD
Pharmingen. PE-conjugated anti-CD207 (eBioL31), PE-Cy5.5-conjugated anti-CD11c
(N418), PE-Cy7-conjugated anti-CD8 (53.6.7), APC-conjugated anti-CD103 (2E7),
eFluor® 605N C-conjugated anti-CD45 (30-F11) and eFluor® 650NC-conjugated anti-
MHC Class II (I-A/I-E) (M5/114.15.2) are from eBioscience. FITC-conjugated anti-CD3
(145-2C11) and anti-CD49b (DX5) are from BioLegend. LIVE/DEAD® Fixable Aqua

Dead Cell Stain Kit is from Molecular Probes.

4.2.12 Serum Cytokine and Chemokine Analysis

Peripheral blood was collected 24 hours after vaccine site pre-conditioning prior
to DC vaccination. For patients, blood was collected in 10 mL venous collection tubes
(BD), allowed to clot, spun at 1,170 x g for 15 minutes, and serum was stored at -190°C .
For mice, blood was collected in microtainer tubes (BD) allowed to clot for 30 min, spun
at 8,000 x g for 5 min, and serum was stored at -80°C. Multiplex cytokine and chemokine
kits were used for patient and mouse studies (cytokines and chemokines of interest for
human, Affymetrix and Millipore: EPX080-10007-901, EPX010-12121-901, EPX010-12125-
9, EPX010-10287-901, HCYTOMAG-60K-01 MDC; for mouse: Affymetrix and Millipore:
EPX090-20821-901 ProcartaPlex 9 plex, MCYP3MAG-74K-01 MDC) following the

manufacturer’s instructions.
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4.2.13 Expression of Chemokines CCL3 and CCL21 in Mice

Female 6-8 week old C57BL/6 or Ccl3-/- mice were immunized with Td as
described above. Twenty-four hours following Td pre-conditioning, both left and right
skin sites and inguinal lymph nodes were harvested. For protein isolation, skin and
lymph node samples were placed in pre-loaded bead lysis Eppendorf tubes (Next
Advance) containing RIPA buffer (Sigma) with protease inhibitor cocktail tablets (Mini
Complete Protease Inhibitor Cocktail Tablets, Roche Applied Science). Homogenization
was performed with the Bullet Blender at 4°C. Supernatants were collected by
centrifugation, and chemokines were quantified by ELISA. Quantikine kits (R&D
Systems) were used for CCL3, and RayBiotech ELISA kits were used for CCL21.
Corresponding samples were run for total protein concentration using the Bradford
assay. CCL3 and CCL21 concentrations were normalized across samples and expressed

as pg per mg or ng per mg of total skin or lymph node protein.

4.2.14 Statistical Analysis

Statistics were reviewed by biostatisticians and tested as described in results and
figure legends. Cox proportional hazard models were used to evaluate DC migration
and clinical outcomes. The Logrank test was used to compare Kaplan-Meier survival
curves with censored patient data. An unpaired two-sample student’s t test was used
for two-group comparisons. Paired t tests were used for comparisons between lymph

nodes in the same host. One-way ANOVA was used to assess differences among three
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or more groups with post-hoc Tukey ¢ tests for two-group comparisons. Wilcoxon rank
sum analyses were conducted for pairwise comparisons in serum cytokine/chemokine
panels. Signed rank tests were used to evaluate fold increase in chemokine levels. For
tumor growth curves, a mixed effects linear model was employed utilizing log-
transformed curves and F-test for pairwise comparisons of regression line slopes and
mean tumor volumes on the first day of detectable tumors (y-intercept). Repeated
measures for calculation of slopes incorporated time between detectable tumor until
significant dropout occurred (maximal tumor size, ulceration, or death). Mean tumor
volumes at final time points when entire control cohort expired were compared between
two groups using an unpaired two-sample student’s t test. Asterisks indicate level of

significance (*P < 0.05, **P <0.01, ***P < 0.001, P > 0.05 not significant (N.S.)).

4.3 Results

4.3.1 Increased Dendritic Cell Migration and Enhanced Patient
Outcomes with Td Pre-conditioning

To determine if vaccine site pre-conditioning increased DC migration clinically,

we conducted a randomized and blinded clinical trial of patients with newly-diagnosed

GBM.
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Figure 4: Schema of clinical trial.

SPECT/CT, single photon emission computed tomography/computed
tomography; TMZ, temozolomide; XRT, external beam radiotherapy.

Thirteen patients consented to this trial but only 12 were randomized as one
progressed prior to randomization. There were no significant differences with regard to
age, Karnofsky Performance Status score, isocitrate dehydrogenase mutation status or
other treatments between the two groups.

Table 5: Patient demographic and prognostic markers from the ATTAC

clinical.
MGMT
WHO
Pt | Sex | Age | Race | KPS MMSE | IDH1 | MGMT promoter Pre-cond
score
methylation
1 F 46 w 100 0 29 - N/A N/A Td
2 F 32 W 100 0 29 + - = DC
3 M 62 w 90 1 29 - - - DC
4 M 71 W 90 1 30 - - + Td
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5 M 43 W 90 1 28 - - + DC
6 F 59 W 80 1 30 = = = Td
7 M | 75 B 90 1 26 - + + Td
8 F 58 H 90 1 22 = + N/A DC
9 F 30 W 90 1 29 N/A + N/A Td
10 | F 66 W 80 1 24 - + - DC
11 F 28 w 100 0 28 - - - DC
12 | M | 59 W 90 1 29 § § § DC
13| M| 7 W 90 1 21 - + + Td
Median
58.5 90 1 28
DC
Median
65 90 1 29
Td

After receiving a Td booster intramuscularly, patients were randomized to
receive vaccine site pre-conditioning intradermally with either Td or mature, unpulsed
DCs unilaterally. Saline was administered on the contralateral side. This was done 6-24
hours prior to bilateral intradermal vaccination at the same sites with Cytomegalovirus
pp65 RNA-pulsed DCs. None of the patients experienced any vaccine or Td-related
adverse events. We and other laboratories have shown that Cytomegalovirus pp65 is
expressed in GBM but not surrounding normal brain'"4, providing an unparalleled
opportunity to use this viral protein as a tumor-specific target.

We assessed the migration of the injected DCs to the lymph nodes by labeling
them with indium-111 (*"'In) and quantifying the signal in inguinal lymph nodes at 24

and 48 hours post-vaccination. At 48 hours post-vaccination, "'In-labeled DCs were
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significantly increased in the inguinal lymph nodes of patients randomized to receive Td

toxoid pre-conditioning.
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Figure 5: Td pre-conditioning increases DC migration to VDLNSs in patients.

DC migration in Td (n = 6) versus unpulsed DC (1 = 6) patients (two sample t-
test, P = 0.049). Mean * s.e.m., n values represent biological replicates of patient bilateral
inguinal lymph nodes (iLNs).

Moreover, Td-treated patients also showed a significant increase in both

progression-free survival and overall survival compared to DC-treated patients.
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Figure 6: Patients receiving Td pre-conditioning prior to vaccination with
pp65-DCs show significantly improved progression-free and overall survival.

Patient progression-free survival (PFS) and overall survival (OS) (log-rank test,
P =0.013). n=23 censored Td patients (no progressive disease or death at time of
survival analysis).

From the time of diagnosis, patients in the DC cohort had median progression-
free and overall survivals of 10.8 and 18.5 months, respectively. Thus, the median
progression-free and overall survivals for the DC cohort were consistent with patients
treated with the standard of care (Stupp et al. 2005). Three censored patients from the
Td cohort did not progress and were alive at the time of survival analysis
(>36.6 months). Overall, these prognostic factors varied across both treatment groups as
expected in a small clinical trial. However, there was no discernible trend across
prognostic factors that would suggest that these factors alone account for the observed
differences in survival between cohorts. Using both a previously published recursive

partition analysis (Curran et al. 1993) and the European Organization for Research and
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Treatment of Cancer (EORTC) nomogram (Gorlia et al. 2008) for predicting outcome of
patients with GBM, Td-treated patients exceeded expected survival times by a far
greater degree than did DC-treated patients in both cases by nearly the same amount.

Table 6: ATTAC expected and observed outcomes in patients receiving pp65-
DC vaccines +/- Td pre-conditioning.

PFS 0s PFS (0] EORTC
X EORTC | RPA | RPA
(from (from (from (from median
i X O-E class | O-E
random.) | random.) | diagn.) diag.) os
1 Td 8.8 19.2 154 25.7 26.8* -1.1 11T 7.8
2 DC 21.7 35.2 27.8 41.3 13.0 90 283 1 11T 23.4
3 DC 49 109 11.2 17.3 9.8 7.5 v 6.2
4 Td 414 414 473" 473t 16.4 30.9 I\ 36.2
5 DC 2.5 12.2 10.0 19.7 16.4 3.3 111 1.8
6 Td 39.5 39.5 45.0" 45.0F 9.8 35.2 v 33.9
7 Td 9.5 14.7 154 20.6 11.8 8.8 v 9.5
8 DC 2.5 13.4 9.1 20.0 13.1* 6.9 I\Y 8.9
9 Td 36.6 36.6 441t 44.1% 21.3* 22.8 111 26.2
10 DC 3.9 9.5 10.4 16.0 6.9 9.1 I\Y 49
11 DC 6.1 7.4 125 13.8 13.0 0.8 11T -4.1
12 DC § § 5.1 19.0 18.1* 0.9 v | 79
13 Td 12.7 15.2 18.5 20.9 11.8 9.1 v 9.8
Median
44 11.6 10.8 18.5 13.0 0 6.9 10% 6.2
DC
Median
Td NE NE NE NE 14.1 >16 10% >18
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The vaccine responses in long-term survivors varied in durability, but pp65-
specific immune responses were detectable for several months in all long-term
survivors. An increase in pp65-specific interferon-y spot-forming units from baseline
did correlate with overall survival, and the two long-term survivors for which samples
were available had the highest increases in pp65-specific immune responses after
vaccination.

An a priori hypothesis of the clinical trial was that pre-conditioning the vaccine
site with inflammatory stimuli would increase DC migration. While correlates of
immune responses with outcomes in immunotherapy trials have been largely lacking,
we observed a notable association between DC migration to the VDLNs and
progression-free and overall survival in patients with GBM receiving pp65 RNA-pulsed
DC vaccines.

A Cox proportional hazards model was used to explore the individual effect of
overall DC migration on PFS and OS in GBM patients. Hazard ratios (HR) for Td-
treated patients were significantly lower compared to the unpulsed DC cohort and were
calculated based on DC migration efficiency from both cohorts based on the effect of a 1

unit increase in percent migration on PFS and OS.
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Figure 7: Td pre-conditioning is associated with improved clinical outcomes.

Hazard ratios (HRs): DC migration efficiency from Td and DC cohorts showing
the effect of a 1-unit increase in the percentage migration on progression-free (top) and
overall (bottom) survival (Cox proportional hazards model, progression-free survival
HR = 0.845 P = 0.027; overall survival HR = 0.820 P = 0.023).

4.3.2 Td Recall Response Mediates Increased Dendritic Cell Migration
to Bilateral Lymph Nodes

To validate these clinical results and understand the mechanistic underpinnings,
we performed analogous studies in a mouse model. Vaccine sites of Td-immune mice

were pre-conditioned with Td and then received a bilateral vaccine of ovalbumin (OVA)

RNA-pulsed DCs.
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Preclinical model for Td toxoid pre-conditioning
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Figure 8: Preclinical modeling of the ATTAC clinical trial.

For Td immunization, female 6-8 week old C57BL/6 mice received a primary i.m.
vaccine of Td toxoid (Sanofi Aventis; Decavac®; 1Lf, 100 uL) administered bilaterally
into the quadriceps muscle (50 uL per leg). An i.m. booster (0.5 Lf, 50 uL) was
administered two weeks later. Vaccine site pre-conditioning with saline or Td toxoid (0.5
Lf) was given i.d. two weeks after the booster and randomized to the right or left groin
site. DCs were resuspended at 1 x 104/100 pL PBS (Gibco) and administered i.d. on both
sides 0.8 cm from the groin crease 24 hours after i.d. pre-conditioning. DCs injected in
the groin ipsilateral to the Td pre-conditioning side were directly injected i.d. within the
erythematous nodule produced by Td pre-conditioning.

For Td immunization, female 6-8 week old C57BL/6 mice received a primary i.m.
vaccine of Td toxoid (Sanofi Aventis; Decavac®; 1Lf, 100 uL) administered bilaterally
into the quadriceps muscle (50 uL per leg). An i.m. booster (0.5 Lf, 50 uL) was
administered two weeks later. Vaccine site pre-conditioning with saline or Td toxoid (0.5
Lf) was given i.d. two weeks after the booster and randomized to the right or left groin

site. Mouse IgG antibody responses to Td were measured by ELISA (Xpress Bio). Serum
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from immunized mice was harvested two weeks following each immunization prior to
the next booster vaccine. DCs were resuspended at 1 x 106/100 pL PBS (Gibco) and
administered i.d. on both sides 0.8 cm from the groin crease 24 hours after i.d. pre-
conditioning. DCs injected in the groin ipsilateral to the Td pre-conditioning side were
directly injected i.d. within the erythematous nodule produced by Td pre-conditioning.
In a striking parallel to our clinical findings, Td-immune mice receiving Td pre-

conditioning had a three-fold increase in DCs within the afferent inguinal lymph nodes.
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Figure 9: Td pre-conditioning improves migration of OVA mRNA-
electroporated DCs in mice towards afferent draining lymph nodes.

Control inguinal versus Td inguinal; two sample f-test, P = 0.0001; Td popliteal
versus Td inguinal, paired t-test, P = 0.014.
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This effect was attributable to Td-specific recall responses, as mice not primed

with Td (Td-naive mice) did not display any increased DC migration to VDLNS.
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Figure 10: Td recall response is needed for increased DC migration to draining
inguinal lymph nodes.

Mice primed and boosted with saline (primary Td) or Td (control and recall Td)
with Td (primary and recall Td) or saline (control) pre-conditioning; one-way analysis of

variance (ANOVA), P = 0.004; post-hoc Tukey t-test, control versus recall Td, P = 0.006;
primary Td versus recall Td, P = 0.011.

Vaccination and pre-conditioning with other CD4-dependent protein antigens

also increased DC migration suggesting this may be a generalizable phenomenon.
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Figure 11: Recall responses induced by other CD4+ T-cell-dependent protein
antigens increase DC migration to VDLNSs.

Primary immunization and vaccine site pre-conditioning with CD4+ T-cell-
dependent protein antigens increase DC migration to VDLNs. Mice were immunized
with either Haemophilus b conjugate (Hib) or pneumococcal 13-valent conjugate (PCV)
intramuscularly, and 2 weeks later received vaccine site pre-conditioning with the recall
antigen (recall) or saline (control). A separate cohort of mice received saline only
throughout the immunization schedule (saline). Scatter plot shows biological replicates
of individually processed right and left iLN per mouse. Percentage migration of RFP*
DCs to VDLNSs; one-way ANOVA, P <0.0001; post-hoc Tukey t-test, PCV control versus
recall, P <0.05, Hib control versus recall, P < 0.05. Mean + s.e.m.

Subsequent studies performed in Td-treated mice demonstrated that only
selective depletion of CD4+ T cells abrogated the increase in DC migration. The effect of

enhanced migration was also transferable to naive mice administered Td-activated CD4+

T cells.
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Figure 12: CD4+ T cells activated by Td recall responses increase DC migration
to VDLNSs.

Top: DC migration in depleted Td-immunized mice; one-way ANOVA,
P <0.0001; post-hoc Tukey t-test, Td versus CD4, P = 0.005; Td versus CD8, CD19 or
NK1.1, P>0.05. Bottom: DC migration after CD4* transfer; one-way ANOVA,
P <0.0001; post-hoc Tukey t-test, Td-activated CD4* T cells (CD4act) versus CD4naive,
P < 0.05; control versus CD4naive, P > 0.05; Td versus CD4act, P > 0.05.
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In patients with GBM randomized to unilateral Td pre-conditioning, we
observed an increased uptake of 'In-labeled DCs in bilateral lymph nodes, suggesting
that Td pre-conditioning increased DC migration through systemic mediators. Parallel
murine studies also demonstrated an increased uptake of DCs in the VDLNS5s

contralateral and ipsilateral to the site of Td pre-conditioning.
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Figure 13: Td pre-conditioning at single vaccine site results in bilaterally
increased DC migration in both mice and patients.

Patient (left) and mouse (right) iLN ipsilateral and contralateral to pre-
conditioning; paired t-test, P = 0.28 (left) and P = 0.37 (right).
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Subsequent experiments revealed that Td-activated CD4+T cells administered
systemically in naive mice were also sufficient to increase bilateral DC migration.
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Figure 14: Bilateral migration of OVA-DCs after Td pre-conditioning or Td-
activated CD4+ T-cell transfer.

Uptake of injected DCs to right and left iLNs 48 h after DC vaccination in Td-
immune mice receiving Td pre-conditioning or naive mice administered Td-activated
CD4+ T cells. Scatter plot shows biological replicates of individually processed right and
left iLN per mouse. CD4.c ipsilateral versus contralateral, paired t-test, P = 0.41.
Mean +s.e.m.

We also directly compared Td to unpulsed DCs or TNF-a (Martin-Fontecha et al.

2003) but found these pre-conditioning methods to only increase DC migration

120



ipsilaterally, as compared to the ability of protein antigens like Td to increase bilateral

DC migration.
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Figure 15: Unilateral pre-conditioning with unpulsed DCs or TNF-a results in
increased DC homing to ipsilateral draining inguinal lymph nodes.

Td-immune mice pre-conditioned with Td or saline before administration of
OVA RNA-pulsed DC vaccine. Separate cohorts of naive mice received either 1 x 10°
unpulsed DCs or 30 ng TNF-a on one side of the groin 24 h before the bilateral RFP* DC
vaccine. DC migration was quantified 24 h after vaccination. Left: DC migration to
ipsilateral lymph nodes (one-way ANOVA, P =0.0018; post-hoc Tukey t-test, saline i.d.
versus Td i.d., P = 0.007; saline i.d. versus TNF-a, P < 0.05; saline i.d. versus DCs,
P <0.05; Td i.d. versus TNF-a, P = 0.042; DCs versus Td i.d. and DCs versus TNF-q,

P >0.05. Right: DC migration to contralateral lymph nodes; one-way ANOVA, P =0.003;
post-hoc Tukey t-test, saline i.d. versus DCs or TNF-a, P > 0.05; Td i.d. versus TNF-a,
DCs or saline i.d., P < 0.05. n values are biological replicates of individually processed

right and left iLNs per mouse. Mean * s.e.m.
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4.3.3 Elevated CCL3 Promotes Lymph Node Homing

On the basis of our observations that Td recall responses could induce bilateral
DC migration and that systemic administration of Td-activated CD4+ T cells was
sufficient to recapitulate the increased DC migration, we sought to examine the
induction of CD4-dependent inflammatory mediators in the serum of patients and mice

after a recall response with Td pre-conditioning.
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Figure 16: Serum cytokine and chemokine profile after Td pre-conditioning in
patients and mice.

Top Left: Serum cytokine panel of patients following vaccine site pre-
conditioning with Td or unpulsed DCs; Wilcoxon rank sum, IFN-y and IL-4, P < 0.05
(n = 6 patients). Top Right: Similar panel in mice; Wilcoxon rank sum, all comparisons,
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P >0.05 (Td recall n =5, non-Td n = 6). Bottom Left: Patient serum chemokines after
vaccine site pre-conditioning. Patient CCL2 and CCL3 in Td recall (Td, n = 6) versus
non-Td (unpulsed DC, n =5); one-way ANOVA and Wilcoxon rank sum, P < 0.05.
Bottom Right: Mouse CCL22, CCL7 and CCL3 in Td recall (Td, 7 = 8 mice) and non-Td
(saline, n = 8 mice); one-way ANOVA and Wilcoxon rank sum, P <0.05. Individual
values represent biological replicates; mean + s.e.m.

CCL3 was the only chemokine or cytokine to be increased in both patients and

mice and had the greatest fold increase of all chemokines in the serum of both after Td

pre-conditioning.
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Figure 17: Fold increase in serum chemokines after Td pre-conditioning in
patients and mice.

Serum CCL3 fold increase over non-Td cohorts (patient, n = 6; mouse, n =8
biological replicates); signed-rank test, P = 0.031 and P = 0.039.
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To identify the site of the CCL3 production, we assayed the pre-conditioning
sites in mice and found high concentrations of this chemokine only unilaterally at the
site of Td pre-conditioning. Subsequent experiments showed that CCL3 upregulation in
the skin was dependent on the induction of the Td recall response and was significantly
reduced by CD4+ T-cell depletion. Induction of CCL3 by Td pre-conditioning remained

increased over time compared to mice lacking Td recall responses.
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Figure 18: Td vaccine site pre-conditioning results in CCL3 upregulation in Td-
immune hosts.

Top Left: CCL3 production in skin site after Td pre-conditioning (Td ipsilateral
versus contralateral). Top Right: CCL3 production in skin after Td recall response.
Bottom Left: CCL3 induction at skin site is abrogated with previous host depletion of
CD4+ T cells. Bottom Right: CCL3 remains increased at the Td pre-conditioning site in
the skin after DC vaccination (24, 48 and 72 h, one-way ANOVA, P =0.0001, Td plus Td
i.d. and OVA-DC versus Td plus saline i.d. and OVA-DC, and saline plus saline i.d. and
OVA-DC, P <0.05, post-hoc Tukey t-test). Individual values represent biological
replicates from n = 4 mice; mean + s.e.m.
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To evaluate the importance of CCL3 in mediating DC trafficking to VDLNSs in
vivo, we immunized and boosted Ccl3”~ mice with Td as described above and found that
the migration of injected DCs to VDLNSs in Ccl37~ mice was significantly lower than in

wild-type Td pre-conditioned mice.
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Figure 19: Host-derived CCL3 is required for Td-mediated increased DC
homing to draining lymph nodes.

DC migration in wild-type (WT) versus Ccl3”~ mice; two sample t-test, P = 0.023.
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Endogenous migration experiments revealed that resident Langerhans cells also

did not migrate as efficiently in Ccl37~ hosts after Td pre-conditioning.
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Figure 20: Migratory DC subsets in wild-type and Ccl3- mice after induction
of Td recall responses.

Both wild-type and Ccl3” mice were first immunized with Td and then
challenged with Td pre-conditioning. Migration of endogenous DC subsets to inguinal
lymph nodes contralateral to the site of Td pre-conditioning was assessed at days 4 and
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8 after Td administration. Top: Gating strategy used to quantify DC subsets in inguinal
lymph nodes after skin pre-conditioning with Td. LC, Langerhans cells; MoDC,
monocyte-derived DCs. Bottom: Day-8 migration of LC population to non-draining
inguinal lymph nodes in Ccl37~ hosts is reduced in absence of CCL3; two-sample t-test,
P =0.046. Individual values represent biological replicates from n = 4 mice;
mean + s.e.m.

To address the possibility that Td priming may have failed in Ccl37~ mice owing
to some earlier role of CCL3, we compared the CD4 T-cell-dependent immune responses
to Td in both wild-type and Ccl3~ hosts and found no differences in the ability of these

two strains to mount anti-tetanus immune responses after Td priming and boosting.
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Figure 21: Anti-tetanus toxoid memory responses are induced and maintained
in wild-type and Ccl3- mice throughout Td priming and boosting.

Wild-type and Ccl37~ mice primed and boosted with Td. Serum from
immunized mice was collected 2 weeks after each immunization before the next booster
vaccine (for each boosting phase, wild-type versus Ccl37-, two-sample ¢-test, P > 0.05).
i.1m., intramuscular. Mean + s.e.m.
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Our studies demonstrated that CD4+ T cells activated by the Td recall response
were sufficient to induce increased DC migration in naive mice. However, Td-activated
CD4+ T cells could not rescue the limited DC migration in CcI37- hosts indicating that
activated T cells were necessary, but not sufficient to increase DC migration.
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Figure 22: Td-activated CD4+ T cells fail to replicate increased DC migration in
Ccl37- hosts.

Td-activated CD4+ transfer in Ccl37~ hosts; two sample ¢-test, P = 0.029.

Exogenous administration of CCL3 could rescue the limited DC migration in

Ccl37~ mice, but only when the Td recall responses were induced, indicating that the
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ability of Td pre-conditioning to increase DC migration to VDLNs was dependent on

both CD4+ recall responses and host-derived CCL3.
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Figure 23: Td recall responses and induced CCL3 cooperate to facilitate DC
migration to VDLNSs.

CCL3 and Td recall responses rescue migration (n = 4 mice); one-way ANOVA,
P <0.0001; post-hoc Tukey t-test, Ccl37~ Td plus Td i.d. and CCL3 i.v. versus Ccl37~ Td
plus Td i.d. and versus Ccl37~ plus CCL3 i.v., P =0.007 and P = 0.001, respectively. Data
in b and c denote biological replicates of individual right and left iLNs. Mean + s.e.m.
i.d., intradermal; i.m., intramuscular; i.v., intravenous.
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4.3.4 Td-elicited CCL3 Increases Dendritic Cell Homing with CCL21
Upregulation

Alterations in CCL21 expression along the lymphatic endothelium in the skin
take place in the context of inflammation and have been associated with increased DC
migration (Martin-Fontecha et al. 2003). After Td pre-conditioning, higher levels of
CCL21 in collected skin sites were detected in Td-treated wild-type mice compared to
Ccl37~ mice, and exogenous administration of CCL3 rescued the diminished levels of
CCL21 at the vaccine sites of CcI37~ mice only in the context of Td recall responses,

which paralleled the requirement of host CCL3 and Td recall responses for increased DC

migration.
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Figure 24: Cooperation between Td recall response and CCL3 result in
increased CCL21 within skin pre-conditioning,.

CCL21 levels in skin site of Ccl37 hosts after induction of Td recall response and
CCL3 administration. Mixed model accounting for within-mouse correlation of
measurements, F-test, P < 0.001; pairwise comparisons, WT Td plus Td i.d. versus Ccl3-
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Td plus Td i.d., P =0.049; Ccl37~ Td plus Td i.d. and CCL3 i.v. versus CcI37~ Td plus Td
i.d. and versus Ccl37- plus CCL3 i.v., P =0.044 and P = 0.0045, respectively. Scatter plot
shows averaged values with n = 2 technical replicates performed per mouse.

Furthermore, Td pre-conditioning resulted in an increase in CCL21 within
inguinal lymph nodes both ipsilateral and contralateral to the side of Td pre-

conditioning.
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Figure 25: CCL21 levels in draining lymph nodes ipsilateral and contralateral
to site of Td pre-conditioning in wild-type mice.

Bilateral iLN CCL21 levels in wild-type mice after Td recall with skin site pre-
conditioning. Bars represent CCL21 protein within iLN ipsilateral and contralateral to
the side of Td pre-conditioning.

Although lymph nodes contain high basal amounts of CCL21, we found CCL21
levels in bilateral inguinal lymph nodes of Td-treated Ccl3~ mice to be lower than that

of wild-type mice. Meanwhile, reconstitution of CCL3 back into Ccl37~ mice in

132



conjunction with the induction of Td recall responses markedly increased the expression

of CCL21 in VDLN:Ss.
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Figure 26: Increased CCL21 in draining lymph nodes following Td pre-
conditioning and CCL3 reconstitution in Ccl3-hosts.

Increased lymph node CCL21 in Ccl37- hosts after CCL3 reconstitution and
induction of Td recall response (all two group comparisons). CCL21 levels in bilateral
iLNs of Ccl3 hosts after induction of Td recall response and CCL3 administration.
Mixed model accounting for within-mouse correlation of measurements, F-test,

P <0.001; pairwise comparisons, WT Td plus Td i.d. versus Ccl37~ Td plus Td i.d.,
P =0.045; Ccl37~ Td plus Td i.d. and CCL3 i.v. versus Ccl37~ Td plus Td i.d. and versus
Ccl37- plus CCL3 i.v., P =0.0066 and P = 0.026, respectively.

4.3.5 Reduced Tumor Burden in Td Pre-conditioned Mice

The apparent increase in progression-free and overall survival for Td treated-

patients prompted us to determine whether Td pre-conditioning could inhibit tumor
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growth in a mouse subcutaneous tumor model in which B16F10 melanoma cells
expressed OVA (B16-OVA). Pairwise comparisons revealed that tumor growth in Td

plus OVA-DC mice was significantly delayed in an antigen-dependent manner.
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Figure 27: Td pre-conditioning improves responses in tumor-bearing mice and
is reliant on tumor antigen specificity.

Left: Pairwise comparisons of regression line slopes (F-test, P <0.0001). Day 22
volume (Td plus OVA-DC versus Td plus GFP-DC, two sample t-test, P = 0.002). Right:
Antigen-specific responses with Td pre-conditioning. Day 15 volume (all groups, F-test,
P =0.016; pairwise Tukey t-tests, Td plus OVA-DC and B16-OVA versus Td plus OVA-
DC and B16, P =0.0004; Td plus OVA-DC and B16-OVA versus saline plus OVA-DC and
B16-OVA, P =0.0002). Day 22 volume (Td plus OVA-DC and B16-OVA versus Td plus

OVA-DC and B16, two sample t-test, P <0.0001). Mean +s.e.m. ALT, autologous
lymphocyte transfer
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Td pre-conditioning in CcI3~- mice, as expected, was unable to inhibit tumor

growth.
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Figure 28: Td-treated mice deficient in CCL3 show a lack of protection against
established B16-OVA tumors.

Tumor growth in Ccl37~ mice. Day 11 volume (all groups, F-test, P = 0.005). Day
27 volume (Td plus OVA-DC WT versus Td plus OVA-DC Ccl37, two sample t-test,
P =0.042). Mean *s.e.m.

Similarly, plt (paucity of lymph node T cell) mice, which lack expression of

CCL21 in the lymph nodes (Nakano and Gunn 2001), also failed to suppress tumor
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growth, indicating that Td-enhancement of OVA-DC vaccines also required intact

CCL21 expression in the host.
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Figure 29: Antitumor responses under Td pre-conditioning are reliant on
functional CCL19-CCL21 axis.

Anti-tumor responses in plt mice. Day 16 volume (all groups, F-test, P = 0.004).

Day 24 volume (Td plus OVA-DC plt versus Td plus OVA-DC WT, two sample ¢-test,
P <0.05). Mean + s.e.m.

4.4 Discussion

Results from our trial appear to demonstrate that the modulation of CMV-
specific DCs with Td pre-conditioning increases their migratory capacity and may
improve clinical outcomes in patients with GBM. Corroborating studies in mice support

these claims and underline CCL3 as a novel and important mediator of increased DC
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migration to VDLNSs, in addition to its described roles in DC precursor mobilization to
peripheral sites of inflammation (Zhang et al. 2004, He et al. 2008) and in guiding naive
CD8 localization to sites of DC—CD4+ interactions in lymph nodes (Castellino et al.
2006). Our preclinical findings suggest that increased DC migration was only observed
in the context of host CCL3 and Td recall responses. Similarly, we observed a slight
increase in CCL21 skin and bilateral VDLN levels in the context of both host CCL3 and
Td recall, which may have a role in DC homing to local lymph nodes. However, owing
to the already high basal amount of CCL21 chemokine in draining lymph nodes, it is
possible that additional factors such as interactions between host CCL3 and CD4+ recall
T cells are the predominant contributors to the increased DC accumulation in VDLNSs.
Our findings also suggest that DC migration should be further investigated as a

predictive biomarker for immunotherapy studies.
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5. Recall CD4+ T Lymphocytes and CCL3 Potentiate
Dendritic Cell Vaccines and Antitumor Responses

5.1 Introduction

Effective homing of dendritic cells to local draining lymph nodes is a key event
for the priming of naive T cells and induction of antigen-specific immune responses.
Clinical trials with corroborating preclinical studies have demonstrated that generally
less than five percent of injected DCs actually reach the vaccine site-draining lymph
nodes (VDLNSs) (Eggert et al. 1999, Eggert et al. 2003, De Vries et al. 2003). To address
this limitation, preclinical investigations by Martin-Fontecha ef al. revealed that pre-
conditioning the vaccine site with inflammatory cytokines or mature, unpulsed DCs
could significantly increase the migration of a subsequent DC vaccine to vaccine site-
draining lymph nodes (VDLNSs) (Martin-Fontecha et al. 2003). Moreover, the number of
dividing tumor antigen-specific T cells in VDLNs could be increased with vaccine site
pre-conditioning and were proportional to the absolute numbers of DCs reaching
VDLNS.

In the preclinical setting, a variety of adjuvants have been employed to induce
local inflammation with the goal of enhancing the immunogenicity of administered
tumor-specific DCs or tumor-derived peptides (Prins et al. 2006, Bliss et al. 1996,
Chagnon et al. 2005). Protein antigens offer the advantage of inducing robust T cell
responses with cytokine activation that can subsequently potentiate the magnitude of

innate inflammatory responses (Strutt et al. 2010) and control of infection (Narni-
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Mancinelli et al. 2007). As a result, memory CD4+ T cell activation can be leveraged to
enhance non-cognate innate inflammatory responses. Such considerations stem from
observations in mice that the induction of memory CD4+-dependent inflammatory
cytokines and chemokines do not require conserved pathogen recognition pathways and
act independently of interferon-y (IFN-y) and tumor necrosis factor-a (TNF-a).

Our previous work has identified a role for CD4+ T cell recall responses to
protein antigens in facilitating the migration of DC vaccines to draining lymph nodes.
Pre-conditioning the vaccine site with a potent recall antigen such as tetanus-diphtheria
(Td) toxoid produced a local and systemic response that facilitated the lymph node
homing of tumor antigen-specific DC vaccines. The induction of Td recall responses in
both mice and patients resulted in a variety of upregulated inflammatory cytokines and
chemokines. Only the chemokine macrophage inflammatory protein 1-alpha (MIP-1a,
CCL3) was significantly elevated in both species. In mice, CCL3 was required to
increase the migration of OVA mRNA-pulsed DCs to vaccine site-draining lymph
nodes. Furthermore, host CCL3 was important for antitumor responses, as Ccl3-/- mice
treated with Td prior to vaccination with OVA-DCs were not protected compared to
wild-type mice (Mitchell, Batich et al. 2015).

Given the requirement for CCL3 in the mechanism of increased DC migration
and previous observations that Td-activated CD4+ T cells are sufficient to mediate the

increased lymph node homing, we sought to characterize the cooperation between both
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CCL3 and activated CD4+ T cells and how these interactions facilitate the migration of
injected DCs to draining lymph nodes as well as engender superior antitumor
responses. Our data elucidate that host CCL3 is induced at high levels as a result of Td
recall responses at the skin pre-conditioning site. Following Td pre-conditioning, CD4+
effector memory cells also infiltrate the skin pre-conditioning sites in high numbers.
Certain inflammatory chemokines and cytokines are induced at the skin sites following
Td pre-conditioning, such as CCL3 and IL-16, which can potentially govern the
chemotaxis of these CD4+ T cells to the skin. Furthermore, these results support that
reactivation of antigen-specific T cells recruited to sites of DC vaccination can be
harnessed to facilitate the lymphoid migratory pathway of DCs loaded with a different

antigen with ensuing production of superior antitumor responses.

5.2 Materials and Methods
5.2.1 Animal Models and Tumor Cell Lines

All animal experiments were performed according to Duke University
Institutional Animal Care and Use Committee-approved protocols. Female C57BL/6
wild-type, OT-I transgenic mice, Ccl3”, and RFP fluorescent mice (ubiquitin promoter)
were bred under pathogen-free conditions at Duke University Medical Center. Ccr5”
and C57BL/6-Tg (TcraTcrb) Ktk/] (85B) transgenic mice were obtained from the Jackson

Laboratory. The B16/F10-OVA tumor cell line was a kind gift from R. Vile, PhD (Mayo
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Clinic) (Sanchez-Perez et al. 2005, Daniels et al. 2004) . Cell lines were tested for

mycoplasma before use.

5.2.2 Generation of Mouse Bone Marrow-Derived Dendritic Cells

Bone marrow-derived DCs were generated from 6-8 week old female C57BL/6
wild-type or RFP+transgenic mice and pulsed with OVA RNA as previously described
(Inaba et al. 2001). For phenotyping, anti-mouse PE-conjugated CD11c (HL3), CD80 (16-
10A1), CD86 (GL1), Ly-6G (1A8), MHC class II (I-A®; AF6-120.1) and isotype controls
(IgG1; G235-2356, IgGaa,1; R35-95) were from BD Pharmingen. Cells were washed,
resuspended in PBS and 2% FBS, incubated at 4°C for 30 minutes, and washed again

before use.

5.2.3 Immunizations in Mice

For Td immunizations, female 6-8 week old C57BL/6 mice received a primary
i.m. vaccine of Td toxoid (Sanofi Aventis; Decavac®; 1Lf, 100 uL) administered bilaterally
into the quadriceps muscle (50 uL per leg). Vaccine site pre-conditioning with saline or
Td toxoid (0.5 Lf) was given i.d. two weeks after the booster and randomized to the right
or left groin site. Mouse anti-tetanus toxoid IgG antibody levels in serum were
measured by ELISA (Xpress Bio). Serum from immunized mice was harvested two
weeks following each immunization prior to the next booster vaccine. DCs were
resuspended at 1 x 104100 uL PBS (Gibco) and administered i.d. on both sides 0.8 cm

from the groin crease 24 hours after i.d. pre-conditioning. For recall response
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experiments using the 85B protein, mice received a primary vaccine of 20ug/mL 85B
(Ray Biotech) in 500ug alum given bilaterally into the quadriceps muscle (50uL per leg).
Two weeks later, mice received a recall dose of 85B at the skin site (50uL, 20ug/mL in
500ug alum). For both protein antigen formulations, DCs injected in the groin ipsilateral
to the Td or 85B pre-conditioning side were directly injected i.d. within the

erythematous nodule produced by protein antigen pre-conditioning.

5.2.4 Depletion and Adoptive Transfer Experiments

Female 6-8 week old C57BL/6 mice were initially depleted of cellular subsets
once daily (200 pg/mouse intraperitoneally) for three days prior to the first Td i.m.
immunization. Anti-mouse CD4 (GK1.5) and anti-CD8 (2.43) antibodies were purchased
from American Type Culture Collection (ATCC, Manassas, VA). Anti-mouse NK1.1
(PK136) and anti-CD19 (2D5) and control isotype depleting antibodies (IgG2a (2A3) and
IgG2b (LTF-2)) were from BioXCell. Maintenance doses of depletion antibodies were
administered at four-day intervals (200 pg intraperitoneally) until vaccine site pre-
conditioning with Td two weeks later.

For adoptive transfer experiments, Td-activated CD4+T cells (CD4ac«) were
induced in donor female 6-8 week old C57BL/6 mice. Mice were primed (1Lf, 100 uL)
and boosted (0.5Lf, 50 puL) i.d. with Td two weeks apart. Five days after the i.d. Td pre-

conditioning, donor inguinal lymph nodes, skin injection sites, and spleens were
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harvested and processed for negative isolation of CD4+ T cells (Miltenyi Biotec).
Complementary sites from naive mice were harvested simultaneously and processed for
negative isolation of CD4+ T cells (CD4naive).

For generation and activation of 85B-specific CD4+ T cells, the spleens of donor
transgenic mice (C57BL/6-Tg (TcraTcrb) Ktk/J) were harvested, processed for untouched
isolation of CD4+ T cells (Miltenyi Biotec), and administered intravenously to recipient
C57BL/6 mice at 5x10¢/200uL/mouse. Twenty-four hours later, recipient mice received a
primary immunization of 85B/alum (20ug/mL + 500ug alum) bilaterally in the

quadriceps muscle and a pre-conditioning i.d. dose two weeks later at a single groin site.

5.2.5 Quantification of Antigen-Specific T Cells in Individual Tissues

To assess the numbers of protein antigen-specific CD4+ T cells in the groin skin
sites, hair was first removed from the mouse with Nair for 30 seconds, and warm water
was used to stop the reaction. Rectangular 0.5mm x Imm sections of the skin were
excised from the peritoneal layer. Skin sites were kept separate and placed into a 6-well
dish containing 5% FBS in HBSS without Ca?/Mg?* (Gibco). Skin sections were cut into
thin strips and digested for 35 min at 37°C with Collagenase D (10mg/mL; Roche) and
DNase I (20mg/mL; Sigma-Aldrich). After the initial 15 min, skin samples were mashed
with the end of a 5mL syringe plunger and then returned to incubation. Thereafter, ImL
of HBSS/EDTA/FBS (HBSS without Ca**/Mg?*, 5% FBS, 10mM Hepes, 2mM EDTA) was

used to stop the reaction. Samples were digested with a 5mL syringe and passed
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through a 70um pore cell strainer prior to staining for flow cytometry. Antibodies for
flow cytometry were purchased from BD Pharmingen (CD3, 145-2C11; CD62L, MEL-14;
CD44, IM7) and eBioscience (CD4, RM 4-5). The 85B (sequence

FODAYNAAGGHNAVF) tetramer-APC was purchased the NIH Tetramer Core Facility.

5.2.6 Mouse in vivo Migration Experiments

Migration of OVA mRNA-pulsed DCs to bilateral inguinal lymph nodes was
assessed 24 hours following bilateral i.d. injection in the groin. The percent of migrating
DCs was enumerated by gating on fluorescent DCs in wild-type VDLNSs. For in vivo DC
migration, a sample size (at least three per group) was based on empirical evidence from
previously published reports as the size necessary for adequate statistical analysis of
lymph nodes sampled (Nakano et al. 2009).

Harvested LNs were placed in 6-well culture plates containing 1 mL HBSS
without Ca?/Mg? (Gibco), digested for 35 min at 37°C with collagenase A (1 mg/mL;
Roche) and DNasel (0.2 mg/mL; Sigma-Aldrich) and 20 mM EDTA (Invitrogen) was
added for 5 minutes at room temperature to stop the reaction (Nakanoet al. 2009).
Single cell suspensions were prepared, cells were centrifuged (500 x ¢ x 5 min) and
resuspended in PBS with 2% FBS and stained with murine APC-conjugated CD11c (BD
Pharmingen; HL3). For quantification of RFP+ DC counts in individual lymph nodes,
samples were resuspended at an equal volume and 50 UL of counting beads (Invitrogen;

50,000 beads) were added to each sample. Cells were gated first on murine CD11c+ cells
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and then RFP+ cells, and absolute cell counts/ lymph node were quantified using the

following equation: RFP+events x 50,000 beads/ # bead events.

5.2.7 Serum and Skin Chemokine Expression

For serum CCL3, peripheral blood was collected 24 hours after vaccine site pre-
conditioning prior to DC vaccination. For tetanus IgG responses, blood was collected
prior to initial Td immunization and two weeks following the immunization. Blood was
collected in microtainer tubes (BD) allowed to clot for 30 min, spun at 8,000 x g for 5 min,
and serum was stored at -80°C. Anti-tetanus IgG ELISA kits (Xpress Bio, IM-202) were
used to detect humoral responses to the Td vaccine. Multiplex chemokine kits were used
for serum analysis of CCL3 (MCYTOMAG-70K, EMD Millipore) and assayed using the
Bio-Plex 200 system, following the manufacturer’s instructions.

For skin CCL3 expression, female 6-8 week old C57BL/6 or Ccl3-/- mice were
immunized with Td as described above. Twenty-four hours following Td pre-
conditioning, both left and right skin sites and inguinal lymph nodes were harvested.
For protein isolation, skin and lymph node samples were placed in pre-loaded bead lysis
Eppendorf tubes (Next Advance) containing RIPA buffer (Sigma) with protease inhibitor
cocktail tablets (Mini Complete Protease Inhibitor Cocktail Tablets, Roche Applied
Science). Homogenization was performed with the Bullet Blender at 4°C. Supernatants
were collected by centrifugation, and chemokines were quantified by ELISA (Quantikine

kit R&D Systems).
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5.2.8 Tumor Implantation

For tumor implantation experiments, B16/F10-OVA cells were grown as
previously published (Sanchez-Perez et al. 2005) and injected subcutaneously at a
concentration of 2x 105 cells in 200 uL of PBS in the flank of C57BL/6 mice 8days before
vaccine site pre-conditioning, the first intradermal vaccine of OVA RNA-pulsed DCs,
and autologous lymphocyte transfer (10x10°i.v. dose of OT-I OVA-specific T cells).
Randomization of mice occurred after tumor inoculation prior to vaccine site pre-
conditioning and the first DC vaccine first by compilation and then by random sorting
into various treatment cages. Mice received two additional weekly vaccines of RNA-
pulsed DCs on days 15 and 22. Ten days after tumor implantation, flank sites were
monitored daily for tumor growth, and tumor size was measured every two days.
Tumor volume (millimeters cubed) was calculated by the formula (length x width? x
0.52) in a perpendicular fashion. Mice were sacrificed when ulceration occurred or when
the tumor reached either 2 cm in any direction or 2000 mm?. Analysis of tumor growth
focused on follow-up assessments before significant dropout occurred. A logarithmic
transformation yielded a linear relationship between tumor volume and time for all
curves. A mixed effects linear model that accounted for correlation of measurements
within a mouse was used to examine the relationship between time and log [tumor

volume + 1].
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5.2.9 Statistical Analysis

For in vivo DC migration studies to vaccine site-draining lymph node, individual
mouse inguinal lymph nodes were treated as separate biological replicates, based on the
underlying assumption that unilateral vaccine site pre-conditioning may preferentially
affect local draining lymph nodes over non-draining sites. An unpaired two-sample
student’s t test was used for two-group comparisons. Paired ¢ tests were used for
comparisons between lymph nodes in the same host. One-way ANOVA was used to
assess differences among three or more groups with post-hoc Tukey ¢ tests for two-
group comparisons. For tumor growth curves, a mixed effects linear model was
employed utilizing log-transformed curves and F-test for pairwise comparisons of
regression line slopes and mean tumor volumes on the first day of detectable tumors (y-
intercept). Repeated measures for calculation of slopes incorporated time between
detectable tumor until significant dropout occurred (maximal tumor size, ulceration, or
death). Mean tumor volumes at final time points when the entire control cohort expired

were compared between two groups using an unpaired two-sample student’s ¢ test.

5.3 Results

5.3.1 Recall Antigen-Specific CD4+ T Cells Rely on CCL3 for Influx
into Skin Pre-Conditioning Sites

Previous work on the mechanism(s) underlying Td-facilitated increased DC
migration elucidated the recall CD4+ T cell response to play an intricate role in ensuring

that increased DC numbers reaching the vaccine site-draining lymph nodes. First, it was
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noted that Td-immune mice depleted of the CD4+ compartment throughout Td
immunizations were not able to demonstrate the increased DC migration following Td
pre-conditioning. Reciprocal experiments revealed that adoptive transfer of CD4+ T
cells from Td-immune donor mice could increase bilateral DC migration when
administered to Td-naive recipients. Given the role of Td-specific CD4+ T cells in
governing the pathway underlying enhanced DC migration, we evaluated the
trafficking patterns of CD4+ T cells following the Td recall response given intradermally
at the skin site. We first observed an influx of CD4+ T cells to occur 24 hours following
Td pre-conditioning at the vaccine site.

* %

500+ r 1

CD4+ T cells/100,000 cells

WT WT
Td + Tdi.d. Td + saline i.d.

Figure 30: Increased CD4+ T cell infiltrate in skin pre-conditioning sites
following Td recall.

CD4+ T cell counts were first gated on CD3+ and normalized to 100,000 total cells

collected from groin skin sites harvested 24 hours following pre-conditioning (unpaired
t-test, P = 0.003).
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Previously, we have shown that the chemokine CCL3 was elevated following Td
pre-conditioning in the serum of mice and patients. Subsequent experiments revealed
CCL3 to be induced in high amounts at the Td pre-conditioning site in the skin. Because
both host CCL3 and Td-activated CD4+ T cells were required to cooperate for increased
DC migration, we examined the interaction between elicited CCL3 and trafficking CD4+
T cells to the skin site. Following the Td recall response in the skin, where CCL3 is
known to be induced, Ccl3-/- CD4+ T cells in Ccl3-/- mice fail to infiltrate to a similar
extent as in wild-type mice. The lack of CD4+ T cells to migrating to these sites in the
absence of CCL3 may be attributable to either 1) the failure of Ccl3-/- CD4+ T cells to
secrete CCL3 under a positive feedback mechanism that drives further infiltration, 2) the
lack of CCL3 secreted by a local cellular compartment in the skin to recruit CD4+ T cells,
or 3) the inability of elevated CCL3 to induce intermediary inflammatory chemokines
that are directly responsible for CD4+ recruitment. Ultimately, this decreased influx in
the absence of CCL3 elucidates a role for this chemokine in governing CD4+ T cell

migration to sites of antigen deposit at the skin pre-conditioning sites.
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Figure 31: CD4+ T cell influx into skin Td pre-conditioning sites is abrogated

in Ccl3-/- hosts.

CD4+ T cell counts reaching the skin site in wild-type and Ccl3-/- hosts following
Td pre-conditioning (unpaired ¢-test, P = 0.049).

5.3.2 Td-Activated CD4+ Infiltration into Skin Sites Does not Require
CCRS5 Expression

Due to the observation that CD4+ activated T cells infiltrate following Td pre-

conditioning is dependent on the presence of CCL3, we sought to determine if this
influx depends on a functional chemokine-chemokine receptor axis between CCL3 and
its predominant receptor, CCR5, which is highly expressed on activated T cells. Using
adoptive transfer of Td-activated CD4+ T cells from wild-type and Ccr5-/- mice, mice
receiving recently Td-activated Ccr5-/- CD4+ T cells were able to migrate to the skin pre-

conditioning sites with similar efficiency as wild-type CD4+ T cells. Thus, CD4+
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infiltration to the skin site was not dependent on CCR5 expression on migrating CD4+ T

cells.
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Figure 32: CCR5 on Td-activated CD4+ T cells is not required for infiltration to
skin sites following Td antigen deposit.

Left: WT or Ccr5-/- hosts treated with Td and Td i.d. pre-conditioning show
similar levels of CD4+ T cell infiltrate in skin sites 24 hours following Td pre-
conditioning (unpaired t-test, P = N.S., not significant). Right: Donor CD4+ T cells from
either WT or Ccr5-/- mice that received Td + Td i.d. are capable of infiltrating skin sites
treated with Td antigen.

Due to the possibility that Ccr5-/- mice may not be able to generate Td-specific
CD4+ recall responses and thus fail to respond generally to chemotactic signals, we
assessed the ability of these mice to mount CD4+ helper responses with IgG anti-tetanus
toxoid antibody production as our readout for CD4+ memory responses. Ccr5-/- mice
were able to generate IgG memory responses to the Td vaccine comparable to those of

wild-type mice.
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Figure 33: Wild-type and Ccr5-/- generate similar levels of humoral immunity
to tetanus toxoid.

Ccr5-/- mice demonstrate the capacity to mount CD4-dependent helper responses
to produce anti-tetanus IgG antibodies (Post-Td WT vs Ccr5-/- unpaired t-test, P =N.S.).

Thus, Td-activated CD4+ T cells from Ccr5-/- hosts were capable in providing
IgG memory responses to tetanus and were still capable of infiltrating skin sites
following Td pre-conditioning. These results suggest that CCR5 on CD4+ T cells is

dispensable for their infiltration to the skin site where Td antigen is deposited and

where CCL3 is induced at high levels.
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5.3.3 Skin Pre-Conditioning with Protein Antigen Formulations
Results in Locally Induced CCL3 and Increased DC Migration to
Draining Lymph Nodes

Because the Tenivac (Td toxoid) formulation is known to generate a robust
memory responses, most apparently attributable to the recruitment of classical CD4+ T
cell help. We tested the ability of other protein antigen formulations used to pre-
condition the DC vaccine site and assessed if the migration of DC vaccines could be
enhanced. We employed another protein antigen, the immunodominant protein 85B of
Mycobacterium tuberculosis. We additionally employed a very similar vaccine
formulation with aluminum (alum) hydroxide adjuvant, compared the aluminum
phosphate as part of the Tenivac (Td toxoid) vaccine. Because certain adjuvants (i.e.
alum versus MPL-A) are known to polarize distinct Th1 and Th2 phenotypes (Korsholm
et al. 2010), we aimed to match the adjuvant in both vaccine preparations to assess if this

adjuvant operated in the CD4+ recall response mechanisms or under a separate arm of

the immune system.
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Figure 34: Recall responses by pre-conditioning with 85B protein antigen
formulation results in local induction of CCL3 at skin site.

Left: CCL3 in pre-conditioning skin sites detected by ELIA 24 hours after pre-
conditioning with either saline, Td (Tenivac), or 85B/alum (20ug/mL) (unpaired ¢-test,
Td +sali.d. vs Td + Td i.d., P =0.006; 85B + sal i.d. vs 85B + 85B i.d., P <0.0001). Right:

CCL3 levels in skin sites contralateral to pre-conditioning.
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Figure 35: Recall responses by primary immunization and pre-conditioning
with 85B protein enhances homing of OVA-DCs to draining inguinal LNs.

Migration of DsRed OVA RNA-electroporated DCs to bilateral draining inguinal
lymph nodes 24 hours following unilateral skin site pre-conditioning with either Td
(Tenivac, 0.5Lf i.d.) or 85B/alum (20ug/mL i.d.) (unpaired ¢-test, Td + sal i.d. vs Td + Td
i.d., P=0.032; 85B +sal i.d. vs 85B + 85B i.d., P = 0.0002).

5.3.4 Depletion of the CD4+ Compartment Diminishes Induced CCL3
and Erythematous Induration at Skin Pre-Conditioning Site

Previous studies demonstrated that the CD4+ compartment, activated by the Td
recall response, infiltrates the skin pre-conditioning sites in great numbers. Furthermore,
the activation of the CD4+ recall response was necessary for increased migration of DC
vaccines to draining lymph nodes, as mice selectively depleted of CD4+ T cells showed
an abrogation of this increased DC migration, and adoptive transfer of CD4+ T cells

recently activated by Td were sufficient to recapitulate the increased DC migration in
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naive mice. To understand the role of CD4+ T cell infiltration at the skin pre-
conditioning site, we assessed if CD4+ T cells, upon recognition of their Td recall antigen
at the skin site, resulted in a greater amount of induced CCL3 at this site. Mice were
depleted of CD4+ T cells prior to and throughout the Td immunization protocol (Td i.m.
1Lf, second Td boost i.d. 0.5 Lf). To understand if solely CD4+ T cells, or another
component of the Td recall response, were involved in the induction of CCL3 following
encounter with the Td recall antigen, we additionally depleted mice of NK cells, CD19+
B cells, and CD8+ T cells at the same time points with CD4 depletion. Twenty-four
hours following skin site pre-conditioning, skin sites were harvested for CCL3 levels.
Furthermore, the gross phenotype of the hypersensitivity reaction, as appreciated by
induration and surrounding erythema, was observed in the context of competent CD4+
T cell responses. Thus, the CD4+ T cell compartment was required for skin

hypersensitivity reactions to Td pre-conditioning.
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Figure 36: Depletion of CD4+ T cells throughout Td immunization results in a
loss of induced CCL3 at the skin pre-conditioning site.

Female 6-8 week old C57BL/6 mice were initially depleted of cellular subsets
(NK1.1, CD19, CDS8, and CD4) once daily (200 pg/mouse intraperitoneally) for three
days prior to the first Td i.m. immunization and every four days before the Td pre-
conditioning at the skin. Skin sites were harvested 24 hours following skin site pre-
conditioning and quantified for CCL3 levels (unpaired t-test, Td i.m. + Td i.d. vs a-CD4,
P =0.005).
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Figure 37: Skin site hypersensitivity following Td recall response.

Td pre-conditioning given as a recall dose at the skin site results in skin
induration and surrounding erythema. Mice selectively depleted of CD4+ T cells (group
4) do not demonstrate the hypersensitivity reaction following Td pre-conditioning.

5.3.5 Recall response with Td pre-conditioning Prior to DC
Vaccination Results in Enhanced Tumor Antigen-Specific T Cell
Responses

Previous studies demonstrated that pre-conditioning the vaccine site with a
potent recall antigen, such as Td, prior to vaccination with a tumor antigen-specific DC
vaccine resulted in suppressed tumor growth compared to mice not receiving vaccine
site pre-conditioning. In this regard, due to the increased migration of OVA-DCs to
draining lymph nodes, we assessed the quantity and quality of T cell immune responses
to the OVA antigen. We found that Td pre-conditioning, prior to the first of three

sequential OVA-DC vaccines, resulted in an expansion of OVA-specific OT-I cells in the
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host peripheral blood that was maintained over time compared to saline pre-

conditioned mice.
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Figure 38: Td Pre-Conditioning with OVA-DC Vaccine Increases Peripheral
Tumor Antigen-Specific T-Cell Population.

Td conditioning, given 24 hours prior to an adoptive transfer of 1:1 naive
splenocytes : OT-I splenocytes (10e6 i.v.) and prior to the first of three sequential OVA
RNA-pulsed DC vaccines provides a sustained elevation of OVA-specific OT-I T cells in
the blood over time compared to controls (one-way ANOVA, P =0.012).

Td pre-conditioning resulted in a distinguishable quality of tumor antigen-
specific T cells, as OVA-specific CD8+ T cells in Td pre-conditioned mice shifted towards
a central memory phenotype (Tcv, CD44+ CD62L+) over time. Central memory T cells
demonstrate a high capacity for lymph node homing, as compared to effector memory T
cells (Tem, CD44+ CD62L-). Additionally, the induction of central memory T cell

populations specific for a tumor antigen of interest has shown to be an important
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prognostic factor for improved antitumor responses (Klebanoff, Gattinoni and Restifo

2006).
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Figure 39: Td Pre-Conditioning Increases Ratio of Tcv/Tem OVA-Specific CD8+

T-Cell Population Over Time.

Analysis of CD8+ OT-I T cells in the blood of mice pre-conditioned with Td
compared to saline showed a shift towards a Tcm phenotype over time.
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5.4 Discussion

Our data presented in this chapter characterizes a key interaction between
memory activated CD4+ T cells and host chemokine release to mediate systemically
available chemokine as well as foster increased lymph node homing of DC vaccines with
resultant enhanced antitumor responses. In comparison to previously characterized
interactions between CD4+ T cells and CCL3 within the draining lymph nodes
(Castellino et al. 2006), the interplay provided herein elucidates a distinct interaction at
the local site of antigen deposition in a non-lymphoid organ.

It was first anticipated that non-specific local inflammatory responses, perhaps to
protein antigens like Td or adjuvant components within the Td vaccine, might have
facilitated DC migration. However, mice not previously treated with Td until the time
of vaccine site pre-conditioning, thereby having no memory to the selected protein
antigen, did not show local CCL3 released at the skin site and, more importantly, did
not display the increased DC migration observed in mice with competent Td recall
responses. These observations suggested a novel immunologic interaction whereby
recall responses to one antigen (Td) can influence the migratory capacity of DCs loaded
with different antigens (OVA).

Our studies also implicate CCL3, released systemically upon CD4+ T cell
recognition of antigen in non-lymphoid sites (Reinhardt et al. 2003), as an important

mediator that acts systemically to increase DC migration to nearby draining lymph
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nodes. Using Ccl3” mice, we found that in the absence of CCL3, Td-activated effector
memory CD4+ T cells failed to migrate to the Td pre-conditioning sites. Furthermore,
these hosts showed diminished migration of OVA-DCs to draining lymph nodes
compared to wild-type hosts competent of producing CCL3. Although CCL3 has been
described to mobilize DC precursors from the bone marrow into peripheral blood
(Zhang et al. 2004, He et al. 2008, Broxmeyer et al. 1999, Broxmeyer et al. 1989) and
attract immature DCs to sites of infection (Olszewski et al. 2000), the role of CCL3 in
mediating DC trafficking from peripheral sites towards target lymph nodes is currently
undescribed. Interestingly, memory T cells have been shown previously to secrete CCL3
upon pathogen challenge, and the protection of mice rechallenged with a secondary
infectious pathogen was dependent on the ability of these memory T cells to produce
CCL3 (Narni-Mancinelli et al. 2007, Narni-Mancinelli et al. 2011). Of note, Castellino et
al. have shown that naive CD8+ T-cells upregulate chemokine receptor CCR5 and
migrate to sites of antigen presentation within the lymph nodes where antigen-specific
DC-CD4+ T cell interactions produce CCL3 and CCL4 (Castellino et al. 2006). Our study
extends those results to elucidate that CCL3, induced as a function of CD4+ recall
responses, further participates in this orchestrated series of events by increasing the
migration of DCs to the lymph node. Taking this study and our own work into
consideration, it remains plausible that DC-CD4 interactions at the skin site may be

responsible for the CCL3 detected in the serum of our mice and previously treated
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patients on the ATTAC trial. Also relevant to the interpretation of our results are the
experiments by Trifilo and Lane showing that CCL3 plays a role in the maturation,
activation, and migration of DCs to cervical lymph nodes after mouse hepatitis infection
of the central nervous system (Trifilo and Lane 2004).

Here, our data suggests that recently activated recall CD4+ T cells can facilitate
migration of injected DCs and interact with CCL3 as part of this mechanism.
Additionally, these studies using other protein antigen formulations, demonstrate that a
localized infection can be replaced by a recall response to a common and clinically

available CD4+ T cell immunogen, such as Td or 85B, placed at the vaccine site.
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6. Dendritic Cell Migration as a Surrogate for Antitumor
Responses in Future Clinical Studies

Recent advances have been made in the understanding of the “perfect dendritic
cell” to administer as a tumor-antigen specific vaccine, with the goal to ultimately

engender the most robust, most durable immune response against patients’ tumors.

Areas to improve DC therapy

Progenitors/Precursors
9 DC subsets

= | Q DC maturation
R ¥ ‘\ Route of injection
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v \ Quality of induced immunity
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T cell migration

T cell memory
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/ Regulatory celis

Determination of efficacy

Antigen-loaded DCs Targeting DCs in vivo

Figure 40: The search for the perfect dendritic cell: highly-investigated
parameters of DC therapy.

6.1 Migration Efficiency of Dendritic Cell Vaccines

The ex vivo generation of tumor antigen-specific DC vaccines requires extensive
processing and education of primary immune cells (most often derived from the blood
in the form of primary monocytes) (Sallusto and Lanzavecchia 1994), and so great costs
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are incurred if minimal efficacy is achieved following the return of these cells back into
patients. Of the many parameters currently investigated to provide the most efficacious
vaccine, DC migratory capacity must be taken into consideration, if the ultimate goal is
to deliver these highly educated cells to lymph nodes and other secondary lymphoid
structures. It is within these immune organs that the subsequent training of T cells is
absolutely necessary for the induction of antitumor immune responses (Tacken et al.
2007). Indeed, preclinical murine studies show that DC migration directly correlates
with the extent of T-cell proliferation and effector cell differentiation (Martin-Fontecha et
al. 2003). Therefore, efforts to enhance the lymph node homing of ex vivo generated DCs

in cancer patients may prove to be beneficial.

6.1.1 Clinical Studies

Several clinical trials have been carried out or are in progress to determine the
efficacy of therapeutic vaccines that use ex vivo-matured DCs as the main component.
The discovery that DCs can be generated from blood-derived monocytes with the
addition of granulocyte-macrophage colony-stimulating factor and interleukin-4 had
revitalized the clinical application of monocyte-derived DCs (Sallusto and Lanzavecchia
1994).

A clinical study in patients with Stage III/IV melanoma receiving intradermal
doses of """Indium-labeled DCs (1e7, 200uL saline) in either immature or ex-vivo matured

states revealed that 1) the migration of these monocyte-derived DC vaccines is highly
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dependent on their maturation state, and 2) that by even providing a maturation signal
to DC vaccines prior to vaccination, only between 1-5% of initially injected DC reached

draining lymph nodes (De Vries et al. 2003, Verdijk et al. 2009).
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Figure 41: Biodistribution of monocyte-derived DCs after intradermal
injection in melanoma patients.

Draining inguinal lymph node localization of 111In-labeled DCs by scintigraphic
imaging with a gamma camera. A:immature DCs 0.2%; mature DCs 0.8%. B: mature
DCs 1.5% and 1.1%. Dotted circles, injection depot of immature DCs. Closed circles,
injection depot of mature DCs. 111In-labeled DCs injected intradermally were
measured for their migratory capacity in vivo. Wilcoxon rank-sum test, P <0.01; each
symbol, one individual patient. Figure reproduced with permission (De Vries et al.
2003).
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Furthermore, our own experience in monitoring DC migration efficiency in
patients with newly diagnosed GBM has shown that DC migration can be monitored
with 111In-labeleing and SPECT/CT imaging and that nearly 2% (mean + SD, 2.17 + 3.37)
of pp65 mRNA-pulsed DCs injected intradermally in the groin reach the draining

inguinal lymph nodes.
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Figure 42: Local inguinal lymph node uptake of 111In-DCs pulsed with CMV
pp65 mRNA.

Migration efficiency of intradermally injected DCs at bilateral sites in the groin

24 and 48 hours after vaccination (24 hours, 2% + 3.16; 48 hours, 2.17% + 3.37; mean +
SD).
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6.1.2 Preclinical Investigations

Data from mouse models employing ex vivo-generated bone marrow-derived
DCs (BMDCs) labeled with either 111-indium or carboxyfluorescein diacetate
succinimidyl ester (CFSE) and BMDCs endogenously expressing GFP demonstrated that
DC migration from the intradermal injection site is within the same efficiency range as

in clinical studies (Eggert et al. 1999, Eggert et al. 2003).

5.C, i.d, foot pad

Figure 43: Biodistribution of subcutaneous, intradermal, and foot pad injected
BMDC from either ""In-labeled DC 48 hours post-injection.

Figure reproduced with permission (Eggert et al. 2003).

To date, cancer vaccine studies have fully demonstrated that DC vaccination are
indeed safe, and clearly indicate that the maturation state of DCs is mandatory to induce
an effective immune response. Clearly, one of the remaining limitations to be
challenged is the ability to ensure effective migration to the T-cell areas in the draining

lymph nodes. Towards this end, enhancement of migration of ex vivo-generated DC
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vaccines by pre-conditioning the DC vaccination site with either inflammatory cytokines
or TLR agonists is worth pursuing (Martin-Fontecha et al. 2003).

Our data from the ATTAC clinical trial (Duke IRB Protocol # Pro00003877)
demonstrated the capacity to enhance DC migration to vaccine site-draining lymph
nodes (VDLNSs) via Td pre-conditioning of the vaccine site. The ability to improve the
migration of DCs offers potential therapeutic interventions whereby we can enhance T
cell responses to ultimately overcome the inherent challenges in faithfully eradicating
established tumors. In a completed randomized clinical trial, we found that migration of
injected DCs to VDLNSs following vaccine site pre-conditioning with Td toxoid was
significantly increased compared to controls and that the efficiency of DC migration was
strongly associated with clinical outcomes of patients with newly diagnosed GBM. To
understand this observation, we took our Td pre-conditioning platform back into the
preclinical setting using transgenic mouse models and were able to corroborate the
effects of Td pre-conditioning on increasing the lymph node homing of intradermally
administered DCs. Moreover, Td administration at a single vaccine site increases the
migration of a bilateral DC vaccine to both inguinal lymph nodes. Regardless of the side
of the Td intradermal skin pre-conditioning, DC migration to bilateral inguinal VDLNs
was equally increased, supporting a systemic response to recruit peripherally

administered DCs.
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This work elucidated the role of Td-activated CD4+ T cells in mediating
increased DC migration. Early observations demonstrated that specific deletion of the
CD4+ compartment in Td-immune mice abrogated the ability to increase DC migration
to VDLNSs. Depletion of other cellular subsets thought to play a role in mediating
increased DC migration (CD8+ T cells, NK cells, B cells) failed to recapitulate this
diminished migration. Reciprocal experiments revealed that adoptive transfer of CD4+
T cells from Td-immune donor mice could increase bilateral DC migration when
administered to Td-naive recipients.

The induction of Td recall responses in both mice and patients also resulted in
the induction of a variety of inflammatory cytokines and chemokines with a particularly
significant fold increase in the chemokine CCL3. Our data characterizing the cooperated
response between induced CCL3 and Td-activated CD4+ T cells elucidate that host
CCL3 is induced as a result of Td recall responses at the skin pre-conditioning site and
serves as a beacon to further potentiate the influx of antigen-specific CD4+ effector
memory cells to the pre-conditioning site.

Our previous work demonstrated that both CCL3 expression and Td-specific
memory CD4+ T-cell responses were required for increased DC migration. Interestingly,
we found host CCL3 to be required for the upregulation of another chemokine, CCL21,
along the afferent lymphatics in the skin and within draining lymph nodes. CCL21

binds to and activates the chemokine-receptor protein CCR7, an interaction that is
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necessary for the efficient migration of activated DCs and T cells (Sallusto and
Lanzavecchia 2000) (Griffith, Sokol and Luster 2014). Because both DCs and CD4+ T
cells produce CCL3 following antigen recognition (Luther and Cyster 2001), it is entirely
possible that the interaction between these cell types explains the fact that pre-
conditioning depends on host CCL3 and activation of Td-specific memory CD4+ T cells.
Moreover, CCL3 has other roles in the immune response that may further enhance DC
vaccines: mobilizing DC precursors, regulating DC maturation and migration, and
recruiting CD8+ T cells, which kill cancer cells, to sites of interaction between DCs and
CD4+ T cells (Castellino et al. 2006). Finally, regulatory T cells, which inhibit the
induction of tumor-specific immune responses, can decrease production of CCL3
(Morlacchi et al. 2011), and pre-conditioning might elevate CCL3 to sufficient levels to

overcome this effect.
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Figure 44: Vaccine site pre-conditioning to facilitate lymph node homing of
dendritic cells.

Dendritic cells (DCs) migrate to lymph nodes to present tumor-derived antigens
to two types of immune cell: memory CD4* T cells that have previously been exposed to
that antigen and so elicit strong, rapid immune responses; and CD8* T cells, which kill
cells that express the antigen. This property is exploited to treat patients with cancer
using vaccinations containing DCs loaded with pp65, which acts as a tumor antigen in
this setting. However, migration of injected DCs to the lymph nodes is inefficient. b, Pre-
conditioning the DC vaccination site with a tetanus/diphtheria (Td) toxoid vaccine
improved DC migration by inducing inflammatory immune responses mediated by Td-
recognizing CD4* T cells and generation of the protein CCL3. This protein upregulates
the protein CCL21, which promotes DC and T-cell migration into lymph nodes. CCL3

may also recruit CD8*T cells to sites where DCs and CD4* T cells interact.

Our Td pre-conditioning platform prior to DC vaccination also elicited superior

anti-tumor responses compared to controls receiving DC vaccines without Td pre-
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conditioning. In our clinical trial, patients with newly diagnosed GBM who were
administered the Td skin pre-conditioning before DC vaccination revealed significantly
longer progression-free and overall survival rates compared to the control cohort. In
evaluating the relationship between DC migration and clinical responses, we observed a
modest positive correlation between levels of DC migration and survival.

In our preclinical model, Td pre-conditioning prior to vaccination with tumor
antigen-specific DCs dramatically suppressed the growth of established and highly
aggressive B16-F10/OVA tumors. The use of Td with a DC vaccine increased antitumor
responses in an antigen-specific manner, as non-specific DC vaccines were not
potentiated with Td pre-conditioning. Furthermore, in a challenge setting, where mice
are administered the treatment platform prior to challenge with tumor inoculation, Td
pre-conditioning at the vaccine site induced a significant survival benefit compared to
controls.

Given these data, we propose that increased DC migration, within the context of
host vaccine site pre-conditioning, should be further investigated as a predictive
biomarker for immunotherapy studies. Higher-powered randomized clinical studies are
warranted to assess the predictive capacity of increased migration of DC vaccines as
well as to properly conduct immune-monitoring studies that adequately reflect changes
to induced immune responses as a result of increased DC numbers within the lymph

nodes.
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6.2 Validation Studies for Enhanced Dendritic Cell Migration:
The ELEVATE Trial

6.2.1 Study Design

A repeat validation study will be performed to assess the impact of increased DC
migration and clinical outcomes in patients with newly diagnosed GBM. On the
ELEVATE trial (Evaluation of overcoming Limited migration and Enhancing
Cytomegalovirus-specific dendritic cell Vaccines with Adjuvant TEtanus pre-conditioning
in patients with newly-diagnosed glioblastoma), sixty patients with resected, newly-
diagnosed WHO Grade IV glioma will be randomized to each pre-conditioning group
(30 per group). To account for drop-outs or patients that need to be replaced, we will
enroll a maximum of 100 patients on this study. All patients will undergo a
leukapheresis after resection for harvest of peripheral blood leukocytes (PBLs) for
generation of DCs. Patients will then receive RT and concurrent TMZ at a standard
targeted dose of 75 mg/m?/d. Patients who experience progressive disease during
radiation, are dependent on steroid supplements above physiologic levels at time of first
vaccination, are unable to tolerate TMZ, or whose DCs or PBLs fail to meet release
criteria will be withdrawn from the study and replaced. The remaining patients will
then receive the initial cycle of TMZ at a standard targeted dose of 150-200mg/m?/d for 5
days at the discretion of the treating oncologist 3 (+ 1) weeks after completing RT. The
study cycle of TMZ comprises a targeted dose of 150-200mg/m?/d for 5 days every 5 (+ 1)

weeks. All patients will receive up to a total of 20 DC vaccines given bilaterally at the
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groin site unless progression occurs. DC vaccines will be given i.d. and divided equally
to both inguinal regions. DC vaccines #1-3 will be given every two weeks, thus delaying
the initiation of TMZ cycle 2. All remaining TMZ cycles will continue as per standard of
care. At time of first DC vaccination, patients who have not had a tetanus booster within
5 years will undergo standard of care vaccination with 0.5 mL of Td (tetanus and
diphtheria toxoids adsorbed) (Tenivac; Sanofi Aventis, Swiftwater, PA) intramuscularly
into the deltoid muscle to ensure adequate immunity to the tetanus antigen. The vaccine
will be obtained through Duke Hospital Pharmacy. At the time of the fourth DC vaccine,
patients will be randomized to one of two groups corresponding to vaccine site pre-
conditioning strategy (Group I-unpulsed DCs i.d.; Group II- Td i.d.). A single dose of Td
toxoid (1 flocculation unit, Lf, in a total volume of 0.4 mL saline) or 0.4 mL of 1 x 10¢
autologous unpulsed DCs in saline will be administered to a single side of the groin, and
0.4 mL of saline administered to the contralateral side 12-24 hours prior to the fourth DC
vaccine, which is always given bilaterally at the groin site. Patients will then receive
M]n-labeled DCs to compare the effects of different skin preparations on DC migration
followed by SPECT/CT imaging immediately and at 1 and 2 days after injection.

All patients will undergo leukapheresis again for immunologic monitoring with
specific assessment of baseline antigen-specific cellular and humoral immune responses
and further DC generations 4 + 2 weeks after vaccine #3. Patients will then be vaccinated

in conjunction with subsequent TMZ cycles every 5 + 1 weeks for a total of 6 to 12 cycles

175



after RT at the discretion of the treating oncologist. DCs will be given on day 21 + 2 days
of each TMZ cycle. DC vaccinations will continue after the twelve TMZ cycles are
completed up to a total of 20 unless progression occurs. Patients will be imaged
bimonthly without receiving any other prescribed anti-tumor therapy. Patients will
undergo an additional leukapheresis for generation of DCs if needed to continue
vaccinations. As part of standard care for these patients, upon tumor progression,
participants may undergo stereotactic biopsy or resection. As this is not a research
procedure consent will be obtained separately. However, if tissue is obtained, it will be
used to confirm tumor progression histologically and to assess immunologic cell

infiltration and pp65 antigen escape at the tumor site.

6.2.2 Study Objectives and Endpoints

Table 7: Study Objectives for the ELEVATE Clinical Study Using Pre-
Conditioning with Td Toxoid.

Objective Endpoint

Primary To examine the impact to Td Median survival from
pre-conditioning at the vaccine | randomization
site on survival

Secondary | To determine whether pre- The percentage of In-labeled
conditioning of the vaccine site | DCs reaching inguinal nodes
with Td toxoid systemically will be calculated from the
increases the migration of CMV | initial signal at the injection
pp65 RNA-pulsed DCs to site- site in the groin to 48 hours
draining inguinal lymph nodes | after the 4* vaccination
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Secondary | To examine the impact of Td Median progression-free
pre-conditioning at the vaccine | survival from randomization
site on progression-free survival
among patients with newly-
diagnosed GBM

Exploratory | To describe changes from Median change from baseline
baseline in immune response as | in ELISpot at each follow-up
measured by ELISpot assessment

6.2.3 Study Schema
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Figure 45: Schema and randomization strategy of the ELEVATE trial.

6.2.3 Randomization Strategy

A randomization will be performed to assign patients to one of the two pre-

conditioning strategies given with DC vaccine #4 (Group I-unpulsed DCs i.d.; Group II-
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Td i.d.). Patients will be randomized to one of the two vaccine site pre-conditioning

strategies following confirmation of stable disease with post-RT/TMZ cycle 1 MRI.

6.2.4 Statistical Methods and Data Analysis

All statistical analysis will be performed under the direction of the statistician
designated in key personnel. Any data analysis carried out independently by the

investigator must be approved by the statistician before publication or presentation.

6.2.4.1 Analysis Sets

Subject to the availability of data, all randomized patients will be included in all
analyses of correlative and efficacy endpoints. Safety analyses will include all patients
who receive vaccinations, whether or not they are randomized to a pre-conditioning

regimen.

6.2.4.2 Patient Demographics and Other Baseline Characteristics

Summaries of clinical and socio-demographic characteristics will be generated
for all enrolled patients, as well as a summary stratified by assigned treatment group for
patients randomized. Categorical descriptors will be summarized using frequency
distributions; whereas, interval variables will be summarized using percentiles, as well

as means and standard deviations.

6.2.4.3 Treatments

A frequency distribution will be generated for the number of vaccines received

among patients who are not randomized and by treatment arm among those who are
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randomized. Randomization to type of pre-conditioning occurs prior to the 4%

vaccination.

6.2.4.4 Primary Objectives

This randomized phase II study will assess the impact of pre-conditioning on
migration and survival among newly diagnosed GBM patients who have undergone
definitive resection. After completing standard of care radiotherapy with concurrent
temozolomide, patients will receive CMV-specific dendritic cell vaccines with
temozolomide. Patients will be randomized prior to the 4™ vaccination to pre-
conditioning with Td toxoid or saline with the 4% vaccination. A permuted block
randomization stratified by CMV serology status prior to the 4 DC vaccination will be
used to assign patients to a pre-conditioning treatment.

The study has two primary objectives. The first primary objective of this study is
to determine the effect of pre-conditioning of the vaccine site with Td toxoid at the time
of the 4™ vaccination on the migration of CMV pp65 RNA-pulsed DCs to site draining
inguinal lymph nodes. At vaccination #4, the percentage of '''In-labeled DCs reaching
inguinal nodes is calculated from the initial signal at the injection site in the groin to 48
hours post-vaccination. A Wilcoxon rank-sum test will be used to compare assigned
treatment groups with respect to migration. The second primary objective is to
determine the effect of pre-conditioning on subsequent survival. An interim analysis

will be conducted after 24 patients have been randomized to determine if differences in
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migration exist between the two pre-conditioning arms. If differences are confirmed,
then patient accrual will be continued to have a sufficient number of patients to address
the survival objectives. The Kaplan-Meier estimator will be used to describe the survival
within each pre-conditioning arm. Median survival will be estimated within each
treatment arm, with 95% confidence intervals. OS will be defined as the time between
randomization (just prior to the 4 vaccination) and death, or last follow-up if alive (for
purposes of ClinicalTrials.Gov reporting, we will collect OS for 1 year beyond the
predicted number of deaths). A log-rank test will be conducted comparing arms with

respect to survival.

6.2.4.5 Secondary Objectives

Secondary analyses include an examination of the impact of Td tetanus pre-
conditioning on subsequent PFS. The Kaplan-Meier estimator will be used to describe
the PFS within each pre-conditioning arm. Median PFS will be estimated within each
treatment arm, with 95% confidence intervals. PFS is defined as the time between
randomization and first failure (progression or death). If the patient remains alive

without disease progression, PFS will be censored at last follow-up.

6.2.4.6 Exploratory Objectives

Changes from baseline in immune response as measured by ELISpot will be
explored at each follow-up assessment. For follow-up assessments collected prior to

pre-conditioning, median changes, as well as the range of changes, will be computed
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using all patients. However, for assessments obtained after pre-conditioning, these
statistics will be computed within treatment groups (i.e. with and without tetanus pre-
conditioning). Though analyses are exploratory, a Wilcoxon two-sample test will be
used to compare treatment groups relative to maximum changes in ELISpot observed

after pre-conditioning.

6.2.4.7 Sample Size Calculation

A maximum of 100 patients will be enrolled in this study with the expectation
that 60 patients will be randomized prior to vaccination #4. Justifications for the
required number of randomized patients for the two primary outcome variables are
provided below.

Given the expectation that 2 patients will be randomized each month, patient
accrual should be complete within 30 months. Approximately 18 months of follow-up
would be required for the survival outcome to mature. Hence, from the time that the
first patient is randomized, approximately 48 months would be required to complete the
study.

A secondary objective of this study is to validate observations made in the
recently completed ATTAC trial concerning Td toxoid pre-conditioning. The design of
this study is identical to the ATTAC trial in that patients with newly diagnosed GBM
underwent surgery followed first by SOC treatment (temozolomide + XRT) and then by

3 vaccinations. Prior to the 4% vaccination, patients were randomized to saline or Td
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tetanus pre-conditioning. The percentage of ''In-labeled DCs reaching inguinal nodes
was calculated from the initial signal at the injection site in the groin to 48 hours after the
4th vaccination.

A bootstrap approach was used to determine the sample size required for a
comparison of migration rates using the Wilcoxon rank-sum test (also the Mann-
Whitney U test) to have 95% power to detect a difference similar to that observed in the
ATTAC study. Re-sampling with replacement from the pilot ATTAC study data was
used in the 10,000 bootstrapping simulations. With 24 randomized patients (12/group),
simulations show that there is 95% power to detect the difference observed in the
ATTAC trial assuming a=0.05.

The second primary goal is to determine whether the addition of Td pre-
conditioning with vaccination #4 that is administered in conjunction with temozolomide
is worthy of investigation in a large phase III study. Though this phase II study is
comparative, a false-positive rate of 0.2 will be used to test this hypothesis while
maintaining reasonably high power (Ratain 2009, Rubinstein LV 2005, Rubinstein L
2009).

Sixty (60) patients will be randomized over a period of 30 months. For a 1-tailed
Logrank test conducted at the 0.2 level of significance to have 90% power to detect a

hazard ratio of 2.0, 38 deaths need to be observed (DA 1981). Approximately 18 months
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are needed after the last patient randomization to observe 38 events (Lakatas 2002,

Lakatos 1988, J. 2008).
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Appendix

Where noted, permission was obtained to reproduce figures according to journal
and publisher policies. Chapter 1 contains excerpts from (Batich et al., 2014, Expert
Opinion on Pharmacotherapy). Chapters 2 and 3 additionally contain excerpts from other
primary publications by the candidate (Batich et al., 2012, Neuromethods and Batich et al.,
2015, Expert Opinion on Biological Therapy). Chapter 4 contains figures and excerpts from
(Mitchell, Batich et al., 2015), for which permissions are not needed for use as part of
dissertations according to Nature policy. Chapter 5 contains primary data stemming
from the work of the candidate and is currently not published (manuscript in
preparation). Chapter 6 contains excerpts of published work from others, and
permission was obtained to reproduce these figures. Additional information in Chapter

6 comprises original content of an IRB-approved clinical protocol at Duke University.
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