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Part 1 Immunosurveillance & “Immunoediting”��
 Tumor Antigens - definition & discovery��Part 2 Cancer Immunotherapy�
 ����
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Immunological Surveillance�Ehrlich, Burnet & Thomas
 Paul Ehrlich (1909) Concept of cancer immunosurveillance. Predicted that cancer would occur at “incredible frequency” if host defenses did not prevent the outgrowth of continuously arising cancer cells
 Lewis Thomas (1957) “primary function of cellular immunity….is to protect from neoplastic disease”
 Macfarland Burnet (1957) “It is by no means inconceivable that small accumulations of tumour cells may develop and because of their possession of new antigenic potentialities provide an effective immunological reaction with regression of this tumor and no clinical hint of its existence”
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Evidence for immune surveillance in humans
 Increased incidence of EBV+ B cell lymphomas in transplant patients treated with immunosuppressive drugs
 Increased incidence of Kaposi’s sarcoma & EBV+ B cell lymphomas in AIDS patients
 Gastric cancer associated with H. pylori infection
 Cervical cancer caused by human papillomavirus
 Liver cancer caused by hepatitis B & C
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Anti-Tumor Effector MechanismsCD4+ T cells, CD8+ CTL, and NK cells
 - direct cytotoxicity or ADCC (NK cells) via perforin & granzymes and/or TNF family members
 - cytokine release (e.g., TNF, IFNγ, GM-CSF) leading to:
 a) lysis of tumor cells
 b) disruption of angiogenesis
 c) recruitment and activation of DC, macrophages, & granulocytes
 B cells
 - production of tumor-specific antibodies leading to:
 a) complement-mediated killing
 b) ADCC
 c) antibody-mediated apoptosis by disrupting oncogenic signals
 Macrophages
 - killing via ADDC
 - killing via production of cytokines such as TNF
 - killing via production of toxic oxygen or nitrogen intermediates
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Immunotherapy StrategiesCytokine infusions (e.g. IFNa, IL-2)
 Induction of inflammation (e.g. CpG)
 Innate System
 Tumor-targeted antibodies (e.g.,Herceptin)
 Adoptive transfer of tumor-specific T cells
 Donor lymphocyte infusions after BMT/HSCT (allogeneic bone marrow or hematopoietic stem cell transplant)
 “Passive” Adaptive System
 Vaccination“Active” Adaptive System
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Nature 410:1107, 2001
 Immune Surveillance - Revival
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Spontaneous tumors in wild-type and immunodeficient mice
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Koebel et al. Nature;450:903, 2007
 T cells control latent tumors
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Tumors arising in immunodeficient mice are more immunogeneic that tumors arising in
 wild-type mice
 Assayed by transplanting tumors into wild-type or immunodeficient mice
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Schreiber et al. Immunity 2004
 Tumor Elimination - Equilibrium - Escape
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Tumor-infiltrating lymphocytescorrelation with survival in ovarian cancer patients
 Zhang et al. NEJM 348:203, 2003
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Melan-A/MART-1-specific �CD8+ T cells in lymph nodes of melanoma patients
 Romero et al. J. Exp. Med., Volume 188(9),1998 1641-1650

Page 16
                        

Tumor Antigens
 Tumor-specific antigens–  Expressed by tumors ONLY
 Tumor-associated antigens–  Preferentially expressed by tumors
 Oncofetal antigen–  Expressed by tumors in adult, but also expressed by
 fetal (not adult) tissues
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Types of Tumor Antigens Recognized by T cells
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Neo-epitopes
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Cancer Research 68:889, 2008
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Use of Human Tumor Ag-Specific Cloned CTL for Identification of Tumor Antigens
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TNFaProduction
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Serological identification �of tumor antigens - Serex
 Some cancer patients have antibodies reactive with their own tumor
 Use patients’ sera to expression clone the tumor antigens
 Surprizingly, many of the antisera recognized the same tumor-associated antigens that detected by CTL
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Passive Immunotherapy��
 Anti-tumor monoclonal antibodies��
 (a billion dollar business)
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Antibody-dependent cellular cytotoxicity
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Rituxan Pivotal Trial: Treatment of Patients With Relapsed B Lymphoma
 McLaughlin et al. J Clin Oncol. (1998) 16:2825
 Rituxan® 375 mg/m2 (IV)Monitoring
 every 3 monthsx2 years
 Weeks1 2 3 4 8 16
 E va luable P atients 166
 Overa ll Res pon s e 80 (48% )
 Comp lete R es pon s e 10 (6% )
 P artia l Re s po ns e 70 (42% )
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CD16 (FcγRIII) mediates Herceptin and Rituxan mediate human tumor elimination in nude mice
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Active Immunotherapy��
 Vaccination
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First vaccine to prevent human cancer!��
 vaccine for papilloma virus for cervical cancer!�
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Successful Active Vaccination against Virus-induced Cancers
 Vaccine to feline leukemia virus for cats
 Vaccine to herpes virus (Marek’s virus) in chickens
 Vaccine to hepatitis B in humans to prevent liver carcinoma
 Vaccination to HPV prevents cervical cancer
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Active Immunization - Tumor cells or antigens
 –  Tumor cells or extracts (Melacin)
 –  Tumor peptide + adjuvant vaccine
 –  Tumor peptide loaded on dendritic cell
 –  Tumor antigen cDNA vaccination
 –  Tumor antigen in recombinant virus
 –  Feeding dendritic cells dead tumors
 –  Feeding dendritic cells tumor RNA
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Provengeload autologous DC with prostatic acid phosphatase
 inject into prostate cancer patient
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Mechanisms of Tumor Escape�from Immune Responses
 •  Loss of MHC or TAP•  Loss of co-stimulatory molecules•  Antigenic variation
 •  Secretion of immunosuppressive factors–  E.g. TGF-β, IL-10
 •  T cells don’t penetrate solid tumors•  Exhaustion of T cells•  T regulatory cells suppress anti-tumor responses
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Cancerimmunotherapyintheclinic
 LawrenceFongProfessorofMedicine
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Immunerecogni1onofcancer
 to (step 4) and infiltrate the tumor bed (step 5), specifically recog-nize and bind to cancer cells through the interaction between itsT cell receptor (TCR) and its cognate antigen bound to MHCI(step 6), and kill their target cancer cell (step 7). Killing of the can-cer cell releases additional tumor-associated antigens (step 1again) to increase the breadth and depth of the response in sub-sequent revolutions of the cycle. In cancer patients, the Cancer-Immunity Cycle does not perform optimally. Tumor antigensmaynot be detected, DCs and T cells may treat antigens as self ratherthan foreign thereby creating T regulatory cell responses ratherthan effector responses, T cells may not properly home totumors, may be inhibited from infiltrating the tumor, or (mostimportantly) factors in the tumor microenvironment might sup-press those effector cells that are produced (reviewed by Motzand Coukos, 2013).
 The goal of cancer immunotherapy is to initiate or reinitiate aself-sustaining cycle of cancer immunity, enabling it to amplifyand propagate, but not so much as to generate unrestrainedautoimmune inflammatory responses. Cancer immunotherapiesmust therefore be carefully configured to overcome the negativefeedback mechanisms. Although checkpoints and inhibitors arebuilt into each step that oppose continued amplification and can
 dampen or arrest the antitumor immune response, the mosteffective approaches will involve selectively targeting the rate-limiting step in any given patient. Amplifying the entire cyclemay provide anticancer activity but at the potential cost ofunwanted damage to normal cells and tissues. Many recent clin-ical results suggest that a common rate-limiting step is the im-munostat function, immunosuppression that occurs in the tumormicroenvironment (Predina et al., 2013; Wang et al., 2013).Initiating Anticancer Immunity: Antigen Release,Presentation, and T Cell PrimingAttempts to activate or introduce cancer antigen-specific T cells,as well as stimulate the proliferation of these cells over the last 20years, have led to mostly no, minimal or modest appreciableanticancer immune responses. The majority of these effortsinvolved the use of therapeutic vaccines because vaccines canbe easy to deploy and have historically represented an approachthat has brought enormous medical benefit (reviewed by Pal-ucka and Banchereau, 2013). Yet, cancer vaccines were limitedon two accounts. First, until recently, there was a general lack ofunderstanding of how to immunize human patients to achievepotent cytotoxic T cell responses. This limitation reflectscontinued uncertainties concerning the identities of antigens to
 Figure 1. The Cancer-Immunity CycleThe generation of immunity to cancer is a cyclic process that can be self propagating, leading to an accumulation of immune-stimulatory factors that in principleshould amplify and broaden T cell responses. The cycle is also characterized by inhibitory factors that lead to immune regulatory feedback mechanisms, whichcan halt the development or limit the immunity. This cycle can be divided into seven major steps, starting with the release of antigens from the cancer cell andending with the killing of cancer cells. Each step is described above, with the primary cell types involved and the anatomic location of the activity listed. Ab-breviations are as follows: APCs, antigen presenting cells; CTLs, cytotoxic T lymphocytes.
 2 Immunity 39, July 25, 2013 ª2013 Elsevier Inc.
 Immunity
 Review
 (ChenandMellman,Immunity2013)
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Candidatetargetsforimmunotherapy
 (ChenandMellman,Immunity2013)
 use, their mode of delivery, the types of adjuvants required, andthe proximal characteristics of the desired T cell response(Palucka and Banchereau, 2013). Second, the presence of theimmunostat in the tumor microenvironment may dampen ordisable antitumor immune responses before clinically relevanttumor kill can occur. Thus, as long as these negative signalsare in place, the prospects for vaccine-based approachesused alone are likely to be limited.Although vaccination can accelerate the anticancer immunity
 in the context of treatments that suppress negative regulators(Palucka and Banchereau, 2013), a number of significant chal-lenges need to be overcome. First is the identification of theappropriate tumor antigens to include in any vaccine. A large,monovalent antigen trial (using the C-T antigen MAGE-A3) iscurrently under way (Kruit et al., 2013; Vansteenkiste et al.,2013), yet it is not clear that any one candidate will necessarily
 generate sufficiently robust T cell responses in all patients. More-over, a single antigenic target, especially one not derived from aprotein that is an inherent oncogenic driver, seems more likely toenable resistance by antigenic drift (immune editing) than amultivalent vaccine (Palucka and Banchereau, 2013).Decidinghow toconfiguremultivalent vaccines is itself adaunt-
 ing challenge. It may be insufficient to rely entirely on sequencingthe expressed tumor genome looking for point mutations, trans-location fusions, or C-T antigens. Not only might this vary frompatient to patient or even from cell to cell within a single patient’stumor, expressionat themessengerRNAorprotein level doesnotassure that predicted antigenic peptides will be generated andexpressed as peptide-MHCI complexes, especially in the faceof the allelic complexity in the MHC. Several groups are activelyapproaching this problem by using a combination of informaticsandmass spectroscopy of peptides eluted fromMHCImolecules
 IFN-α
 IFN-γ
 TNF-α
 TGF-β
 Figure 2. Stimulatory and Inhibitory Factors in the Cancer-Immunity CycleEach step of the Cancer-Immunity Cycle requires the coordination of numerous factors, both stimulatory and inhibitory in nature. Stimulatory factors shown ingreen promote immunity, whereas inhibitors shown in red help keep the process in check and reduce immune activity and/or prevent autoimmunity. Immunecheckpoint proteins, such as CTLA4, can inhibit the development of an active immune response by acting primarily at the level of T cell development andproliferation (step 3). We distinguish these from immune rheostat (‘‘immunostat’’) factors, such as PD-L1, can have an inhibitory function that primarily acts tomodulate active immune responses in the tumor bed (step 7). Examples of such factors and the primary steps at which they can act are shown. Abbreviations areas follows: IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; CDN, cyclic dinucleotide; ATP, adenosine triphosphate; HMGB1, high-mobility groupprotein B1; TLR, Toll-like receptor; HVEM, herpes virus entry mediator; GITR, glucocorticoid-induced TNFR family-related gene; CTLA4, cytotoxic T-lympocyteantigen-4; PD-L1, programmed death-ligand 1; CXCL/CCL, chemokine motif ligands; LFA1, lymphocyte function-associated antigen-1; ICAM1, intracellularadhesionmolecule 1; VEGF, vascular endothelial growth factor; IDO, indoleamine 2,3-dioxygenase; TGF, transforming growth factor; BTLA, B- and T-lymphocyteattenuator; VISTA, V-domain Ig suppressor of T cell activation; LAG-3, lymphocyte-activation gene 3 protein; MIC, MHC class I polypeptide-related sequenceprotein; TIM-3, T cell immunoglobulin domain and mucin domain-3. Although not illustrated, it is important to note that intratumoral T regulatory cells, macro-phages, and myeloid-derived suppressor cells are key sources of many of these inhibitory factors. See text and Table 1 for details.
 Immunity 39, July 25, 2013 ª2013 Elsevier Inc. 3
 Immunity
 Review
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Co-s1mula1onandco-inhibi1on
 (Pardoll.NRC2012)Nature Reviews | Cancer
 CD28CD80 or CD86
 CD40LCD40
 CTLA4CD80 or CD86
 ICOSB7RP1
 OX40L OX40
 CD137CD137L
 ?PDL1 or PDL2
 Antigen-presenting cell T cell
 PD1PDL1 or PDL2
 ?B7-H3
 BTLAHVEM
 KIR
 MHC class I or II TCR
 LAG3
 CD27CD70
 TIM3GAL9
 A2aRAdenosine
 +
 –
 –
 –
 –
 –
 –
 –
 +
 +
 ?B7-H4
 +
 +
 +
 Signal 1
 Cytokines(TGFβ, IL-1,IL-6, IL-10,IL-12, IL-18)
 +
 Peptide
 –
 –
 CD4+ helper T cellsT cells that are characterized by the expression of CD4. They recognize antigenic peptides presented by MHC class II molecules. This type of T cell produces a vast range of cytokines that mediate inflammatory and effector immune responses. They also facilitate the activation of CD8+ T cells and B cells for antibody production.
 the expression of which determines the TReg cell line-age34,35, and TReg cells therefore express CTLA4 consti-tutively. Although the mechanism by which CTLA4 enhances the immunosuppressive function of TReg cells is not known, TReg cell-specific CTLA4 knockout or blockade significantly inhibits their ability to regu-late both autoimmunity and antitumour immunity30,31. Thus, in considering the mechanism of action for CTLA4 blockade, both enhancement of effector CD4+ T cell activity and inhibition of TReg cell-dependent immunosuppression are probably important factors.
 Clinical application of CTLA4-blocking antibodies — the long road from mice to FDA approval. Initially, the general strategy of blocking CTLA4 was ques-tioned because there is no tumour specificity to the
 expression of the CTLA4 ligands (other than for some myeloid and lymphoid tumours) and because the dra-matic lethal autoimmune and hyperimmune pheno-type of Ctla4-knockout mice predicted a high degree of immune toxicity associated with blockade of this recep-tor. However, Allison and colleagues36 used preclinical models to demonstrate that a therapeutic window was indeed achieved when CTLA4 was partially blocked with antibodies. The initial studies demonstrated significant antitumour responses without overt immune toxicities when mice bearing partially immunogenic tumours were treated with CTLA4 antibodies as single agents. Poorly immunogenic tumours did not respond to anti-CTLA4 as a single agent but did respond when anti-CTLA4 was combined with a granulocyte–macrophage colony-stimulating factor (GM-CSF)-transduced cellular
 Figure 1 | Multiple co-stimulatory and inhibitory KPVGTCEVKQPU�TGIWNCVG�6|EGNN�TGURQPUGU��Depicted are XCTKQWU�NKICPFsTGEGRVQT�KPVGTCEVKQPU�DGVYGGP�6|EGNNU�CPF�CPVKIGP�RTGUGPVKPI�EGNNU�#2%U��VJCV�TGIWNCVG�VJG�6|EGNN�response to antigen (which is mediated by peptide–major histocompatibility complex (MHC) molecule EQORNGZGU�VJCV�CTG�TGEQIPK\GF�D[�VJG�6|EGNN�TGEGRVQT�(TCR)). These responses can occur at the initiation of 6|EGNN�TGURQPUGU�KP�N[ORJ�PQFGU�YJGTG�VJG�OCLQT�#2%U�are dendritic cells) or in peripheral tissues or tumours (where effector responses are regulated). In general, 6|EGNNU�FQ�PQV�TGURQPF�VQ�VJGUG�NKICPFsTGEGRVQT�interactions unless they first recognize their cognate antigen through the TCR. Many of the ligands bind to multiple receptors, some of which deliver co-stimulatory signals and others deliver inhibitory signals. In general, pairs of co-stimulatory–inhibitory receptors that bind the same ligand or ligands — such as CD28 and cytotoxic T-lymphocyte-associated antigen 4 (CTLA4) — display distinct kinetics of expression with the co-stimulatory TGEGRVQT�GZRTGUUGF�QP�PCKXG�CPF�TGUVKPI�6|EGNNU��DWV�VJG�KPJKDKVQT[�TGEGRVQT�KU�EQOOQPN[�WRTGIWNCVGF�CHVGT�6|EGNN�activation. One important family of membrane-bound ligands that bind both co-stimulatory and inhibitory TGEGRVQTU�KU�VJG�$��HCOKN[��#NN�QH�VJG�$��HCOKN[�OGODGTU�and their known ligands belong to the immunoglobulin superfamily. Many of the receptors for more recently KFGPVKHKGF�$��HCOKN[�OGODGTU�JCXG�PQV�[GV�DGGP�KFGPVKHKGF��Tumour necrosis factor (TNF) family members that bind to cognate TNF receptor family molecules represent a second family of regulatory ligand–receptor pairs. These receptors predominantly deliver co-stimulatory signals when engaged by their cognate ligands. Another major ECVGIQT[�QH�UKIPCNU�VJCV�TGIWNCVG�VJG�CEVKXCVKQP�QH�6|EGNNU�comes from soluble cytokines in the microenviron- OGPV��%QOOWPKECVKQP�DGVYGGP�6|EGNNU�CPF�#2%U�KU�bidirectional. In some cases, this occurs when ligands themselves signal to the APC. In other cases, activated 6|EGNNU�WRTGIWNCVG�NKICPFU��UWEJ�CU�%&��.��VJCV�GPICIG�cognate receptors on APCs. A2aR, adenosine A2a TGEGRVQT��$�42���$��TGNCVGF�RTQVGKP����$6.#��$�CPF�6�lymphocyte attenuator; GAL9, galectin 9; HVEM, herpesvirus entry mediator; ICOS, inducible T cell co-stimulator; IL, interleukin; KIR, killer cell immunoglobulin- like receptor; LAG3, lymphocyte activation gene 3; PD1, programmed cell death protein 1; PDL, PD1 ligand; TGFβ, transforming growth factor-β; TIM3, T cell membrane protein 3.
 REVIEWS
 254 | APRIL 2012 | VOLUME 12 www.nature.com/reviews/cancer
 REVIEWS
 © 2012 Macmillan Publishers Limited. All rights reserved
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•  Patients with metastatic melanoma
 •  Ipilimumab vs. vaccine/ipilimumab vs. vaccine
 •  OS: 10 vs. 10.1 vs. 6.4 months
 •  FDA approved 3/2011
 An--CTLA-4inmetasta-cmelanoma
 (Hodietal,NEJM2010)
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An--PD-1inmetasta-cmelanomaNivolumab in Untreated Melanoma without BR AF Mutation
 n engl j med 372;4 nejm.org january 22, 2015 325
 0.60]; unadjusted hazard ratio for death among those with PD-L1 negative or indeterminate PD-L1 status, 0.48 [95% CI, 0.32 to 0.71]) (Fig. S2 in the Supplementary Appendix). In the nivolumab group, the median overall survival was not reached in either PD-L1 subgroup. In the dacar-bazine group, the median overall survival was slightly longer in the subgroup with positive PD-L1 status than in the subgroup with negative or indeterminate PD-L1 status (12.4 vs. 10.2 months) (Fig. S3 in the Supplementary Appendix).
 In the two PD-L1 subgroups, nivolumab-treated patients had improved rates of objective response, as compared with dacarbazine-treated patients. In the subgroup with positive PD-L1 status, the objective response rate was 52.7% (95% CI, 40.8 to 64.3) in the nivolumab group versus 10.8% (95% CI, 4.8 to 20.2) in the dacar-bazine group. In the subgroup with negative or indeterminate PD-L1 status, the objective re-sponse rate was 33.1% (95% CI, 25.2 to 41.7) in the nivolumab group versus 15.7% (95% CI, 10.0 to 23.0) in the dacarbazine group. The survival benefit with nivolumab versus dacarbazine was also observed across prespecified subgroups based on age, sex, metastasis stage, ECOG per-formance-status score, status with respect to a history of brain metastases, baseline lactate de-hydrogenase level, and geographic region (Fig. S2 in the Supplementary Appendix).
 ADVERSE EVENTSThe incidence of treatment-related adverse events of any grade was similar in the nivolumab group and the dacarbazine group (74.3% and 75.6%, respectively). However, treatment-related adverse events of grade 3 or 4 were reported less fre-quently in the nivolumab group than in the da-carbazine group (11.7% vs. 17.6%) (Table 3, and Table S3 in the Supplementary Appendix). The most common adverse events related to nivolu-mab treatment were fatigue (in 19.9% of pa-tients), pruritus (in 17.0%), and nausea (in 16.5%). In the dacarbazine group, common treat-ment-related adverse events were consistent with those in previous reports and included gastroin-testinal and hematologic toxic events. The fre-quency of treatment-related serious adverse events of grade 3 or 4 was similar in the two groups (5.8% in the nivolumab group and 5.9% in the dacarbazine group). The percentage of pa-tients who discontinued the study treatment ow-
 ing to adverse events was 6.8% in the nivolumab group and 11.7% in the dacarbazine group. No deaths were attributed to study-drug toxicity in either group.
 Selected adverse events — defined as those with a potential immunologic cause — were analyzed according to organ category. Grade 3
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 Figure 1. Survival End Points.
 Panel A shows the Kaplan–Meier curves for overall survival. The median follow-up for overall survival was 8.9 months in the nivolumab group and 6.8 months in the dacarbazine group. Panel B shows the Kaplan–Meier curves for progression-free survival.
 The New England Journal of Medicine Downloaded from nejm.org at SAN FRANCISCO (UCSF) on January 20, 2016. For personal use only. No other uses without permission.
 Copyright © 2015 Massachusetts Medical Society. All rights reserved.
 T h e n e w e ngl a nd j o u r na l o f m e dic i n e
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 or 4 selected adverse events that were considered to be related to nivolumab treatment were infre-quent and included diarrhea and an elevated ala-nine aminotransferase level (each in 1.0% of patients) (Table S4 in the Supplementary Appen-dix). The majority of selected adverse events of grade 3 or 4 resolved quickly with a delay in the study treatment, glucocorticoid administration, or both, as recommended in the safety manage-ment guidelines for nivolumab (Table S5 in the Supplementary Appendix).
 DISCUSSION
 This phase 3, double-blind, randomized, con-trolled study showed an overall survival benefit with nivolumab, an anti–PD-1 antibody. The risk of death decreased by 58% with nivolumab, as compared with dacarbazine, among previously untreated patients with advanced melanoma. The survival benefit was consistent across all the prespecified subgroups, including patients with poor prognostic factors.
 The 1-year survival rate associated with nivolumab in this study (73%) is consistent with the results in a phase 1 study15,16,22 and was significantly higher than the rate associated with dacarbazine. Dacarbazine was chosen as the comparator because, until recently, it was a standard first-line treatment in many countries for patients who had melanoma without a BRAF
 C Duration of Response
 A Target-Lesion Change in Nivolumab Group
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 Figure 2. Characteristics of Response.
 The waterfall plots show the maximum change from baseline in the sum of the reference diameters of the target lesion in patients receiving nivolumab (Panel A) and those receiving dacarbazine (Panel B). Data are shown for all the patients who had a response that could be evaluated in the target lesion at baseline and who underwent at least one tumor assessment during treatment. The percentage increase was truncated at 100% (red squares). Red dots indicate patients who had a response to treatment according to the Response Evaluation Criteria in Solid Tumors, version 1.1. The dashed lines in Panels A and B indicate a 30% reduc-tion in the tumor burden in the target lesion. Kaplan–Meier curves for the duration of response (Panel C) show that the median duration of response in the 84 patients in the nivolumab group who had a response was not reached; 12 of these patients did not have a durable response. Of the 29 patients in the dacarba-zine group who had a response, 14 did not have a du-rable response. The dashed line in Panel C indicates the median duration of response.
 The New England Journal of Medicine Downloaded from nejm.org at SAN FRANCISCO (UCSF) on January 20, 2016. For personal use only. No other uses without permission.
 Copyright © 2015 Massachusetts Medical Society. All rights reserved.
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 or 4 selected adverse events that were considered to be related to nivolumab treatment were infre-quent and included diarrhea and an elevated ala-nine aminotransferase level (each in 1.0% of patients) (Table S4 in the Supplementary Appen-dix). The majority of selected adverse events of grade 3 or 4 resolved quickly with a delay in the study treatment, glucocorticoid administration, or both, as recommended in the safety manage-ment guidelines for nivolumab (Table S5 in the Supplementary Appendix).
 DISCUSSION
 This phase 3, double-blind, randomized, con-trolled study showed an overall survival benefit with nivolumab, an anti–PD-1 antibody. The risk of death decreased by 58% with nivolumab, as compared with dacarbazine, among previously untreated patients with advanced melanoma. The survival benefit was consistent across all the prespecified subgroups, including patients with poor prognostic factors.
 The 1-year survival rate associated with nivolumab in this study (73%) is consistent with the results in a phase 1 study15,16,22 and was significantly higher than the rate associated with dacarbazine. Dacarbazine was chosen as the comparator because, until recently, it was a standard first-line treatment in many countries for patients who had melanoma without a BRAF
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 The waterfall plots show the maximum change from baseline in the sum of the reference diameters of the target lesion in patients receiving nivolumab (Panel A) and those receiving dacarbazine (Panel B). Data are shown for all the patients who had a response that could be evaluated in the target lesion at baseline and who underwent at least one tumor assessment during treatment. The percentage increase was truncated at 100% (red squares). Red dots indicate patients who had a response to treatment according to the Response Evaluation Criteria in Solid Tumors, version 1.1. The dashed lines in Panels A and B indicate a 30% reduc-tion in the tumor burden in the target lesion. Kaplan–Meier curves for the duration of response (Panel C) show that the median duration of response in the 84 patients in the nivolumab group who had a response was not reached; 12 of these patients did not have a durable response. Of the 29 patients in the dacarba-zine group who had a response, 14 did not have a du-rable response. The dashed line in Panel C indicates the median duration of response.
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 or 4 selected adverse events that were considered to be related to nivolumab treatment were infre-quent and included diarrhea and an elevated ala-nine aminotransferase level (each in 1.0% of patients) (Table S4 in the Supplementary Appen-dix). The majority of selected adverse events of grade 3 or 4 resolved quickly with a delay in the study treatment, glucocorticoid administration, or both, as recommended in the safety manage-ment guidelines for nivolumab (Table S5 in the Supplementary Appendix).
 DISCUSSION
 This phase 3, double-blind, randomized, con-trolled study showed an overall survival benefit with nivolumab, an anti–PD-1 antibody. The risk of death decreased by 58% with nivolumab, as compared with dacarbazine, among previously untreated patients with advanced melanoma. The survival benefit was consistent across all the prespecified subgroups, including patients with poor prognostic factors.
 The 1-year survival rate associated with nivolumab in this study (73%) is consistent with the results in a phase 1 study15,16,22 and was significantly higher than the rate associated with dacarbazine. Dacarbazine was chosen as the comparator because, until recently, it was a standard first-line treatment in many countries for patients who had melanoma without a BRAF
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 sponse rate was observed among patients with PD-L1–positive tumors than among patients with PD-L1–negative tumors (18% [95% CI, 2 to 52] vs. 4% [95% CI, 0 to 19]).
 SafetyIn the combination group, 59% and 57% of the patients received at least four doses of nivolumab and ipilimumab, respectively; in the ipilimumab monotherapy group, 70% of the patients received at least four doses of ipilimumab (Table S3 in the Supplementary Appendix). The rate of treatment-related adverse events, as assessed by the investi-gators, was 91% in the combination group and 93% in the ipilimumab-monotherapy group (Table 3). Drug-related adverse events of grade 3 or 4 were reported more frequently in the combination group than in the ipilimumab-monotherapy group (54% vs. 24%); in patients who received the combina-tion regimen, the onset of most adverse events occurred during the combination phase rather than the maintenance (nivolumab-monotherapy) phase. The most common grade 3 or 4 adverse events associated with the combination therapy were colitis (17%), diarrhea (11%), and an elevat-ed alanine aminotransferase level (11%). Diarrhea was the most frequently reported grade 3 or 4 ad-verse event associated with ipilimumab monother-apy (11%), followed by colitis (7%).
 Select adverse events of potentially immune-
 mediated cause occurred most frequently in the skin, gastrointestinal, endocrine, and hepatic or-gan categories (Table S4 in the Supplementary Appendix) and were observed more frequently with combination therapy than with ipilimumab monotherapy. Immunosuppressive medications for the management of adverse events, including topical agents for dermatologic adverse events, were used in a higher percentage of patients in the combination group than in the ipilimumab group (89% vs. 59%). The most commonly used systemic immunosuppressive agents across both treatment groups were glucocorticoids (82% of the patients in the combination group and 50% of the patients in the ipilimumab-monotherapy group). Infliximab was administered to 13% and 9% of the patients in the respective groups for adverse-event management. Hormone-replacement therapy was used to manage endocrine adverse events. Of 46 grade 3 or 4 drug-related select adverse events in the combination group that were managed with immunomodulatory medica-tion, the majority (approximately 80%) resolved completely, or symptoms returned to baseline lev-els (Table 4). There was a similar resolution rate across organ categories in both treatment groups.
 The most common reason for discontinua-tion of study treatment was drug-related adverse events in the combination group (45%) and dis-ease progression in the ipilimumab-monothera-
 Table 2. Response to Treatment.
 VariablePatients with BRAF Wild-Type Tumors
 Patients with BRAF V600 Mutation–Positive Tumors
 Nivolumab plus Ipilimumab
 (N = 72)Ipilimumab
 (N = 37)
 Nivolumab plus Ipilimumab
 (N = 23)Ipilimumab
 (N = 10)
 Best overall response — no. (%)*
 Complete response 16 (22) 0 5 (22) 0
 Partial response 28 (39) 4 (11) 7 (30) 1 (10)
 Stable disease 9 (12) 13 (35) 3 (13) 1 (10)
 Progressive disease 10 (14) 15 (41) 5 (22) 7 (70)
 Could not be determined 9 (12) 5 (14) 3 (13) 1 (10)
 Patients with objective response — no. (% [95% CI])†
 44 (61 [49–72]) 4 (11 [3–25]) 12 (52 [31–73]) 1 (10 [0–45])
 * The best overall response was assessed by the investigator with the use of the Response Evaluation Criteria in Solid Tumors, version 1.1.
 † Data include patients with a complete response and those with a partial response. The calculation of the confidence in-terval (CI) was based on the Clopper–Pearson method. The estimated odds ratio for nivolumab plus ipilimumab as compared with ipilimumab alone was 12.96 (95% CI, 3.91 to 54.49) among patients with BRAF wild-type tumors (P<0.001) and 9.82 (95% CI, 0.99 to 465.39) among patients with BRAF V600 mutation–positive tumors (P value was not calculated, per the statistical analysis plan).
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 Making Better Chimeric Antigen Receptors REVIEW
 engineering and the modular nature of their structure, CARs are rapidly evolving and show great promise for their success-ful use in a wide range of immunotherapies.
 CAR TARGETING CARs are recombinant receptors that typically target native
 cell surface antigens ( 4 ). Unlike the physiologic TCR, which engages HLA-peptide complexes, CARs engage molecules that do not require peptide processing or HLA expression to be recognized. CARs therefore recognize antigen on any HLA background, in contrast to TCRs, which need to be matched to the haplotype of the patient. Furthermore, CARs can target tumor cells that have downregulated HLA expression or pro-teasomal antigen processing, 2 mechanisms that contribute to tumor escape from TCR-mediated immunity ( 5 ). Another feature of the broad applicability of CARs is their ability to bind not only to proteins but also to carbohydrate and glycolipid structures, again expanding the range of potential targets. A survey of antigens targeted to date by CARs is shown in Table 1 .
 The moieties used to bind to antigen fall in 3 general cat-egories: (i) single-chain variable fragment (scFv) derived from antibodies; (ii) Fab s fragment antigen-binding (Fab) selected from libraries; or (iii) nature ligands that engage their cog-nate receptor (see Fig. 1 , fi rst-generation CARs). Successful examples in each of these categories (too many to cite) have been reported ( Table 1 ). scFvs derived from murine immu-noglobulins are commonly used, as they are easily derived from well-characterized monoclonal antibodies. However, they may prove to be more immunogenic than Fabs derived from human libraries or invariant human ligands.
 The rules for selecting optimal epitopes for CAR target-ing are still little known. The position of the epitope and its distance to the cell surface are expected to affect the binding to the antigen and the optimal formation of T-cell target conjugates and synapses ( 6 ), but little is known about the overall rules governing the optimal epitope selection. Empiri-cal observations indicate that the structure of the “spacer region” between an scFv and the transmembrane region ( Fig. 1 ) can affect CAR specifi city, but no defi nitive principles have yet emerged ( 7 ). CAR length and protrusion from the T-cell membrane are likely to affect synapse formation. The opti-mal affi nity of CARs is also little defi ned. Few studies have attempted to address this question, which is of major impor-tance in the case of TCRs ( 8, 9 ) and likely to affect CAR func-tion as well. Informative studies comparing multiple CARs recognizing the same epitope with different affi nities are still
 lacking. Finally, the effect of antigen density is not yet well defi ned. CARs typically target highly expressed antigens, but little is known about minimum thresholds. It is uncertain whether CARs are as exquisitely sensitive as TCRs ( 9 ). If not, lesser sensitivity could represent a limitation in their activity against tumors expressing low antigen levels but may also turn into an advantage where avoidance of low-level antigen expression on normal cells is desirable. Thus, the antigen-binding moiety of the CAR is not only a targeting device but also is integral to CAR function, which is not solely defi ned by the signaling components incorporated into the cytoplasmic domain of CAR.
 CAR SIGNALING The fi rst fusion receptors shown to have T-cell–activating
 potential on their own were chimeric molecules between CD3-ζ or Fc receptor γ and CD8, CD4, CD25, or CD16 ( Fig. 1 , fi rst-generation CARs), which were shown to initiate phosphatidyli-nositol and tyrosine kinase pathways together with calcium infl ux in human T-cell leukemias ( 10–13 ). The addition of a hapten-specifi c scFv derived from a murine antibody to the extracellular portion of such fusions, termed a T-body ( Fig. 1 , fi rst-generation CARs), effectively redirected cytolysis by murine T-cell hybridomas ( 14 ). Although CD3-ζ chain aggregation is suffi cient to enable lytic activity in CTL lines, it is important to bear in mind that the strength of signal required for cytotoxicity is lower than that needed for other T-cell functions. This likely underscores the limited therapeutic responses reported with activating receptors, the antitumoral effects of which are often confi ned to local administration models ( 15, 16 ) or short-term systemic models ( 17 ). In transgenic mice, T cells expressing CARs that only comprise an activation domain in their cyto-plasmic domain are prone to undergoing anergy ( 18 ).
 Once we could effi ciently transduce human primary T cells (see below), we found that CD3-ζ CARs failed to elicit a robust cytokine response, including interleukin (IL)-2, and support T-cell expansion upon repeated exposure to antigen ( 19 ). It would take the design of a tripartite fusion recep-tor, possessing both activating and costimulatory properties ( Fig. 1 , second-generation CARs), to obtain absolute T-cell expansion of human peripheral blood T cells upon repeated exposure to antigen ( 20 ). Signifi cantly, these essential func-tions cannot be investigated in leukemic or immortalized T-cell lines ( 21 ), but only in primary T cells, which CAR investigators have now solidly embraced as the gold stand-ard for evaluating CAR function in vitro or in vivo . Eventually dubbed second-generation CARs, receptors encompassing the
 Figure 1.   Three generations of CARs. Left, fi rst-generation CARs, including activating receptors such as CD8/CD3-ζ fusion receptors (10) and T-bodies (14); middle, second-generation CARs providing dual signal-ing to direct combined activating and costimulatory signals; right, third-generation CARs comprising more complex structures with 3 or more signaling domains. mAb, monoclonal antibody.
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 BACKGROUNDRelapsed acute lymphoblastic leukemia (ALL) is difficult to treat despite the avail-ability of aggressive therapies. Chimeric antigen receptor–modified T cells targeting CD19 may overcome many limitations of conventional therapies and induce remis-sion in patients with refractory disease.
 METHODSWe infused autologous T cells transduced with a CD19-directed chimeric antigen receptor (CTL019) lentiviral vector in patients with relapsed or refractory ALL at doses of 0.76×106 to 20.6×106 CTL019 cells per kilogram of body weight. Patients were monitored for a response, toxic effects, and the expansion and persistence of circulating CTL019 T cells.
 RESULTSA total of 30 children and adults received CTL019. Complete remission was achieved in 27 patients (90%), including 2 patients with blinatumomab-refractory disease and 15 who had undergone stem-cell transplantation. CTL019 cells prolif-erated in vivo and were detectable in the blood, bone marrow, and cerebrospinal fluid of patients who had a response. Sustained remission was achieved with a 6-month event-free survival rate of 67% (95% confidence interval [CI], 51 to 88) and an overall survival rate of 78% (95% CI, 65 to 95). At 6 months, the probabil-ity that a patient would have persistence of CTL019 was 68% (95% CI, 50 to 92) and the probability that a patient would have relapse-free B-cell aplasia was 73% (95% CI, 57 to 94). All the patients had the cytokine-release syndrome. Severe cytokine-release syndrome, which developed in 27% of the patients, was associ-ated with a higher disease burden before infusion and was effectively treated with the anti–interleukin-6 receptor antibody tocilizumab.
 CONCLUSIONSChimeric antigen receptor–modified T-cell therapy against CD19 was effective in treating relapsed and refractory ALL. CTL019 was associated with a high remis-sion rate, even among patients for whom stem-cell transplantation had failed, and durable remissions up to 24 months were observed. (Funded by Novartis and oth-ers; CART19 ClinicalTrials.gov numbers, NCT01626495 and NCT01029366.)
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 sequences remained detectable by means of quan-titative polymerase-chain-reaction (PCR) assay in patients with sustained remissions until 2 years (Fig. 2C and data not shown). This assay showed very high levels of proliferation of CTL019 cells; all patients had peak levels greater than 5000 cop-ies per microgram of genomic DNA, and 26 pa-tients had peak levels greater than 15,000 copies
 per microgram of genomic DNA. One patient (Patient 17) received infusions again at 3 months and 6 months because of early loss of CTL019 cells with B-cell recovery, and this patient sub-sequently had persistence of CTL019. In the patient with the longest remission (2 years), B-cell aplasia (absence of CD19-positive cells) (Fig. 3) continued for a year after the loss of CTL019 cells detectable by f low cytometry, suggesting functional persistence of CTL019 cells below the limits of detection by flow cytometry, where-as CTL019 remained detectable by means of quantitative PCR. The probability of relapse-free B-cell aplasia at 6 months was 73% (95% CI, 57 to 94).
 CTL019 for Relapse after Allogeneic Stem-Cell Transplantation
 In the 18 patients who were treated for relapse of disease after allogeneic stem-cell transplanta-tion, the median donor chimerism at the time of leukapheresis was 100% (range, 68 to 100). No graft-versus-host disease was observed after in-fusion of CTL019. Event-free survival and overall survival did not differ significantly between the patients who had previously undergone stem-cell transplantation and those who had not under-gone stem-cell transplantation (P = 0.21 for event-free survival and P = 0.24 for overall survival).
 Therapy after Administration of CTL019Five patients withdrew from the study after the administration of CTL019 to receive other thera-py; three of these patients underwent allogeneic stem-cell transplantation while their disease was in remission, and the disease remained in remis-sion 7 to 12 months after the infusion of CTL019. Patient 12, who had undergone a previous stem-cell transplantation, had a post-transplantation relapse of T-cell ALL that aberrantly expressed CD19, was refractory to two intensive reinduc-tion regimens, and entered a morphologic remis-sion after the infusion of CTL019, but the patient had minimal residual disease (0.09%). She sub-sequently received bortezomib and an infusion of donor lymphocytes, and the disease remained in remission without minimal residual disease at 11 months. In Patient 11, the myelodysplastic syndrome developed and led to overt acute my-eloid leukemia with a monosomy 8 clone that also shared cytogenetic features with the original B-cell ALL.
 Figure 1. Probability of Event-free and Overall Survival at 6 Months.
 Panel A shows the time to an event after infusion of CTL019. Events were relapse (in seven patients), no response (in three patients), and the myelodysplastic syndrome (in one patient). Tick marks indicate the time of data censoring at the last follow-up or on the date of initiation of alternative therapy (in four pa-tients). The curve in Panel B shows overall survival. Data were censored at the time of the last follow-up. In both panels, dashed lines represent 95% confidence intervals.
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 levels of proliferation with a short duration of persistence is sufficient to achieve remission and eligibility for stem-cell transplantation. However, in patients who are ineligible for stem-cell trans-plantation, short persistence of chimeric antigen receptor T cells is unlikely to produce long-term
 remission. We observed prolonged persistence of CTL019 cells and B-cell aplasia for as long as 2 years in this cohort and for more than 3 years in patients with CLL.4
 There was no discernible effect of the density of CD19 antigen or cell dose on either efficacy
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 ity of our patients, the cytokine-release syn-drome was self-limited, with high temperatures and myalgias that resolved spontaneously in a few days. However, in approximately 30% of the patients in our study, hypotension and respira-tory insufficiency associated with this syndrome required treatment in the intensive care unit. The cytokine-release syndrome has been described by several groups in association with CD19 chime-ric antigen receptor T-cell therapy,8,22 but until recently, management was nonspecific, glucocor-ticoid-based, and directed primarily toward sup-portive care. In severely affected patients, gluco-corticoids may have a limited effect on toxicity but a substantial negative effect on T-cell prolif-eration and persistence.4,7,8,22
 We previously observed marked elevation of interleukin-6 levels in a patient with severe cyto-kine-release syndrome after infusion of CTL019, and our study showed the benefit of cytokine-directed therapy.8 Tocilizumab, an interleukin-6–receptor blocking antibody, produced a rapid and profound improvement in severe manifestations of the cytokine-release syndrome without an ap-parent impact on the efficacy of CTL019. We have now incorporated tocilizumab as a first-line agent in the management of severe cytokine-release syn-drome. Tocilizumab could blunt maximal T-cell proliferation by interfering with a cytokine feed-back loop; therefore, we have limited its use to patients with grade 4, or life-threatening, toxic effects. Despite this theoretical concern, in this study, all the patients who received tocilizumab had robust proliferation of CTL019 cells, a com-plete remission, and the continued persistence of CTL019 cells. Future studies are needed to determine whether tocilizumab can be used pre-emptively without compromising efficacy.
 We observed that many findings in patients with the cytokine-release syndrome were similar to those in patients with the macrophage activa-tion syndrome or hemophagocytic lymphohis-tiocytosis.8,24,25 Hyperferritinemia is a hallmark of these two conditions, and we observed marked elevations in ferritin levels during the period of maximal T-cell proliferation. The degree of ele-vation in ferritin and C-reactive protein levels was significantly higher in patients with severe cyto-kine-release syndrome.
 Neurologic toxic effects were seen in a sub-group of patients. Encephalopathy typically oc-curred after symptoms of the cytokine-release
 syndrome peaked and was self-limited. CNS toxic effects have been associated with other T-cell–activating therapies, including other chimeric antigen receptor–modified T-cell therapies and blinatumomab.22,26,27 The pathophysiology of encephalopathy after the use of CTL019 is not known. The mechanism could involve direct T-cell–mediated toxicity or it could be cytokine-mediated. We have observed no clear predictors of neurologic toxic effects. CTL019-modified
 Figure 4. Correlates of the Cytokine-Release Syndrome.
 Panel A shows peak levels of interleukin-6 in the first 28 days after infusion of CTL019 cells in patients with severe cytokine-release syndrome as compared with patients with cytokine-release syndrome that was not severe. Severe cytokine-release syndrome was defined as hypotension requiring the use of two or more vaso-pressors or respiratory failure requiring mechanical ventilation. Panel B shows the severity of cytokine-re-lease syndrome according to the baseline disease bur-den in bone marrow after chemotherapy and before in-fusion (in the pediatric trial only). Solid circles indicate complete remission, open circles no response, and horizontal lines medians.
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Discussion Groups
 1. What is the best cell or cells for CAR therapy?  CD8+ T cells, CD4+ T cells, γδ T cells, NK cells? Macrophages?
 2.  How would you make an “off-the-shelf” CAR T cell population that could be introduced into allogeneic recipients?
 3.  In addition to introducing a CAR into T cells, how else might you genetically modify the recipient cells to make them more effective or more safe?
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