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Primary human activated T lymphocytes were genetically grafted with chimeric T cell receptors (TCR). Three domain single chain (sc-) TCR as well as two chain (tc-) TCR gene constructs were derived from the melanoma-specific cytotoxic human T cell (CTL) clone 82/30, and linked to the CD3 signaling element. Chimeric TCR ␣ and ␤ receptor genes were structurally designed to prevent pairing with endogenous TCR ␣ and ␤ chains in order to prevent the generation of unpredictable immune specificities. After transduction of polyclonally activated human peripheral blood lymphocytes



with retroviral vectors harboring the chimeric receptor genes, genetically engineered cells specifically recognized and responded to MAGE-A1POS/HLA-A1POS cells. Importantly, each type of transduced T lymphocytes that bound specifically to peptide/MHC complexes also showed specific antitumor reactivity as well as lymphokine production. Genetically engineered primary human T lymphocytes expressing chimeric sc- or tc-TCR therefore hold promise for diseasespecific therapies. Gene Therapy (2000) 7, 1369–1377.
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Introduction Adoptive transfer of MHC-restricted, antigen-specific CTL can mediate anti-tumor effects in patients with, for example, metastatic melanoma.1 Unfortunately, most patients do not mount a strong and effective in vivo cytotoxic T cell response to their tumors. Moreover, isolation of tumor-specific T lymphocytes is only successful in a fraction of patients and expansion of cancer-specific, MHC-restricted human T lymphocytes to therapeutic doses presents other difficulties. Hence, the rate of success in obtaining autologous therapeutic T lymphocytes is unpredictable, and this has hampered their clinical application in adoptive T lymphocyte transfer for the treatment of cancer and viral infections. In contrast, monoclonal antibodies (mAb) with specificity for a wide range of tumor types are available. Therapeutic strategies, which combine the tumor-specific recognition capacity of mAbs with the lytic potential of CTL, have been developed by ourselves and others,2,3 for example, ovarian tumor recognition by CTL was obtained by retargeting CTL using bispecific mAbs4,5 (bsmAb). Also, human CTL have permanently been stably retargeted with mAb-based tumor selectivity and anti-tumor activity by transduction of genes coding for chimeric Abtype receptors.6–11. This genetic approach avoids loss of tumor selectivity due to dissociation of the bs-mAbs from Correspondence: RLH Bolhuis Department of Clinical and Tumor Immunology, Academic Hospital Rotterdam, Daniel den Hoed Cancer Center, PO Box 5201, 3008 AE Rotterdam, The Netherlands Received 18 February 2000; accepted 3 May 2000



the CTL surface.12 However, all recently identified tumor rejection antigens (TRA), for example, MAGE, tyrosine, MART, BAGE and RAGE13 are processed intracellularly by tumor cells and presented by MHC class I molecules on the membrane.14 These TRA can be recognized by (human) CTL in vivo and in vitro.14,15 Retroviral transduction of transgenes encoding for TCR that are derived from existing MHC-restricted T cell clones specific for TRA in principle should confer TRA immune specificity to activated human T lymphocyte populations. This genetic programming of human lymphocyte specificity would bypass the requirement to isolate TRA-specific T lymphocytes from individual cancer patients and/or their in vitro generation using autologous tumor stimulator cells. Indeed, the ability of chimeric tc-TCR ␣/␤ heterodimers16 and of full-length ␣␤ TCR heterodimers17 to bind antigen/MHC complexes has previously been tested by exposure of either rat RBL-2H3 cells, expressing chimeric tc-TCRs, or human Jurkat cells expressing full-length ␣␤TCRs, respectively, to target cells pulsed with relevant peptides. Following antigen-specific triggering rat RBL2H3 cells secreted serotonin, and human Jurkat cells secreted IL-2. However, relevant native tumor antigenpositive tumor cells did not trigger any immune reactivity. Chung18 suggested that introduction of complete TCR ␣ and ␤ chains in T lymphocytes may have resulted in suboptimal levels of TCR ␣␤ cell surface expression due to instability of the exogenous TCR ␣ chain,18 which prohibits detection of immune functions. Lack of recognition of native tumor antigen by the Jurkat transfectants was also ascribed to the need for additional factors in



Grafting primary human T lymphocytes with chimeric sc- and tc-TCR RA Willemsen et al



1370



order to allow selective discrimination of specific native peptide/MHC complexes within a more complex context in the tumor cell membrane. After all, tumor cells present native antigen amidst a multitude of irrelevant, yet highly homologous complexes of the same MHC molecules carrying a variety of ‘self’ or ‘non-self’ peptides. Activation by native antigen therefore may require simultaneous co-signaling by CD8 or need the involvement of adhesion molecules in order to activate T cells during TCR/MHC interaction.15,17,19 Moreover, the genetically introduced TCR ␣ and ␤ chains may have paired with endogenous TCR ␣ and ␤ chains in the T lymphocytes that resulted in unpredictable, irrelevant immune specificities at the expense of the numbers of engineered relevant TCR to become expressed in the T lymphocyte membrane. Until now, attempts to introduce functional human chimeric single chain- or two chain-TCR ␣␤ genes into primary human T lymphocytes have remained unsuccessful. Here we describe the first successful, reproducible and functional transduction of primary human T lymphocytes with chimeric sc- and tc-TCR genes encoding MAGEA1/HLA-A1-specific TCR. High percentages and high levels of chimeric TCR ␣␤ expression in primary human T lymphocytes were obtained as visualized using fluorochrome-labeled TCR family typing antibodies. Our results also show that soluble MAGE-A1/HLA-A1 complexes can be used to identify human T lymphocytes expressing chimeric TCR ␣␤ genes and these T lymphocytes exert MAGE-A1/HLA-A1-specific anti-tumor reactivities as evidenced by tumor cell kill and lymphokine production.



Results Chimeric sc- and tc-TCR expression on the membrane of gene-transduced primary human T lymphocytes Chimeric sc-TCR V␣V␤C␤ genes and chimeric tc-TCR V␣C␣ and V␤C␤ genes were constructed from TCR ␣ and ␤ chain DNA fragments (Figure 1), derived from the MAGE-A1-specific, HLA-A1-restricted human T cell clone MZ2–82/30, that had been isolated from a melanoma patient.14 Based on knowledge that antibodymediated cross-linking of proteins, expressed at the cell surface, and linked to CD3-, induces T cell activation,7,20– 22 the sc-TCR V␣V␤C␤, and the tc-TCR V␣C␣ and V␤C␤ genes were ligated to the  gene that was cloned from a cytotoxic T cell clone, as previously described.23 Chimeric tc-TCR V␣C␣- and V␤C␤- genes were formatted to exclude pairing with endogenous TCR ␣␤ chains on T



Figure 1 Chimeric-T cell receptor ␣␤ constructs. Schematic representation of: (1) the chimeric sc-TCR V␣V␤C␤ gene and (2) chimeric tc-TCR V␣C␣ and V␤C␤ genes (L, leader; V, variable region; J, joining region; D, diversity region; C, constant region; EC, extracellular region; Tm, transmembrane region; Cy, Cytoplasmic region; Li, linker). Constructs were made as described in Materials and methods. Gene Therapy



lymphocytes. This was accomplished by fusion of the extracellular TCR ␣␤ domains in frame to CD3-, which was shown to induce preferentially heterodimerization of the chimeric TCR ␣␤ genes.16,21 In chimeric sc-TCR V␣V␤C␤ genes, the V regions are covalently joined by a short peptide linker and hence, the problems associated with unstable TCR ␣ expression and pairing with endogenous TCR ␣␤ chains were avoided.18 Chimeric tcTCR V␣C␣- and V␤C␤- genes were then cloned into the retroviral vector pStitch23 and the chimeric sc-TCR V␣V␤C␤ gene was introduced into the pBullet vector, that was derived from the pStitch vector (Materials and methods). These retroviral vectors were specifically designed to transduce efficiently human T lymphocytes. To obtain ‘therapeutic’ numbers (approximately 109) of dividing T lymphocytes as well as optimal gene transduction efficacy, fresh or cryopreserved/thawed peripheral blood mononuclear cells (PBMC) derived from donors were polyclonally activated using soluble antiCD3 monoclonal antibody (mAb) supplemented with recombinant interleukin-2 (IL-2). Activation could also be performed on immobilized anti-CD3 and anti-CD28 mAbs plus IL-2. Retroviral transduction of chimeric tcTCR V␣C␣ and V␤C␤ gene constructs was then performed by cocultivating the anti-CD3 mAb activated human lymphocytes with virus-producing 293T packaging cells. The chimeric sc-TCR V␣V␤C␤ gene was introduced into human T lymphocytes by: (1) cocultivation with virus producing 293T cells or (2) by incubation with supernatant obtained from PG13 packaging cells that contained the chimeric sc-TCR V␣V␤C␤ gene. Flow cytometric analysis of gene-transduced T lymphocytes demonstrated expression of: (1) chimeric scTCR V␣V␤C␤ and (2) chimeric tc-TCR V␣C␣ and V␤C␤ transgenes, in as high as 15 to 40% of primary polyclonally activated human T lymphocytes (Figure 2). Apparently, no pairing of chimeric TCR ␣␤ molecules with endogenous TCR ␣␤ chains occurred, as suggested by the FACS staining pattern that shows a strictly coordinated expression of the chimeric TCR V␣12.1 and V␤1 chains (Figure 2). Moreover, no expression of either the chimeric tc-TCR V␣C␣ or V␤C␤ transgene was observed when only one of these genes was introduced into activated human T lymphocytes (Figure 2c and d). The level of chimeric-TCR ␣␤ expression in the lymphocyte membrane varied over a 100-fold range. ChimericTCR ␣␤POS, CD4NEG T lymphocytes were then enriched by flow sorting using fluorochrome-labeled V␣-12.1, V␤1 family typing mAbs and anti-CD4-Cy5 mAb. FACS sorted T lymphocyte fractions where then used for functional analysis, ie specific binding of soluble MAGE-A1 peptide/MHC complexes; MAGE-A1-specific target cell cytolytic capacity, and lymphokine production during stimulation with peptide pulsed target cells or native melanoma cells (see below).



Chimeric TCR ␣␤POS T lymphocytes specifically bind soluble MAGE-A1/HLA-A1 complexes The MAGE-A1/HLA-A1 complexes (peptide: EADPTGHSY) and irrelevant Influenza/HLA-A1 complexes with a peptide derived from Influenza virus A nucleoprotein (peptide: CTELKLSDY) were generated and used for the identification of MAGE-A1/HLA-A1specific engineered TCR in the membrane of bulk genetransduced human polyclonal T lymphocytes. It
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appeared that indeed only relevant MAGE-A1/HLA-A1streptavidinPE complexes specifically bound to: (1) chimeric sc-TCR V␣V␤C␤ (Figure 3c), and (2) chimeric tcTCR ␣/␤ (Figure 3d) expressed on the surface of human T lymphocyte transductants, ie control fluorochrome- labeled peptide/HLA-A1 complexes comprising the Influenza peptide did not bind. Moreover, human T lymphocytes that were transduced with the enhanced green fluorescence protein (EGFP) transgene did not bind the MAGE-A1/HLA-A1/streptavidinPE complexes (Figure 3a).
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MAGE-A1 peptide pulsed HLA-A1POS target cells specifically trigger lysis and lymphokine production by genetically programmed CTL To provide optimal signaling conditions for the transduced T lymphocytes we used MAGE-A1NEG, HLA-A1POS melanoma cells (MEL 2A) and EBV-transformed B cell blasts (72–2 and APD) that had been pulsed with 10 g/ml of MAGE-A1 peptide or with irrelevant Influenza virus peptide. Polyclonal T lymphocyte populations expressing either: (1) chimeric sc-TCR V␣V␤C␤ or (2) chimeric tc-TCR ␣/␤ on their membrane, each became specifically activated by MAGE-A1 peptide pulsed HLAA1POS MEL 2A melanoma cells or by MAGE-A1 peptide pulsed HLA-A1POS B lymphoblastoid cell lines (72–2 and APD). Non-pulsed target cells, or target cells pulsed with irrelevant Influenza peptide were not lysed (Figure 4). Moreover, each type of transduced T lymphocytes also specifically responded to MAGE-A1 peptide pulsed melanoma target cells with production of TNF-␣, GMCSF and IFN-␥ (Table 1). Five of five donors that were transduced with the chimeric tc- and sc-TCR were shown to lyse MAGE-A1 peptide pulsed target cells specifically (Table 2).



Figure 2 Cell surface expression of chimeric-TCR ␣␤-transduced primary human T lymphocytes. Expression of: (1) chimeric sc-TCR V␣V␤C␤ and (2) chimeric tc V␣C␣ /V␤C␤ constructs was determined by flow cytometry after gene transduction of primary human T lymphocytes. Events shown represent viable lymphocytes stained with anti-V␣12.1FITC and anti-V␤1PE mAbs (⬎95% viable, checked by trypan blue staining). (a1) Human T lymphocytes simultaneously transduced with V␣C␣- and V␤C␤- retroviral vectors. (a1S) Human T lymphocytes transduced with V␣C␣- and V␤C␤- retroviral vectors and followed by enrichment by flow sorting using anti-V␣12.1 FITC and anti-V␤1 PE mAb. (b1) Human T lymphocytes transduced with V␣V␤C␤ retroviral vectors. (b1S) Human T lymphocytes transduced with V␣V␤C␤ retroviral vectors and enriched by flow sorting using anti-V␣12.1 FITC and anti-V␤1 PE mAbs. (c) Human T lymphocytes transduced with the V␣C␣- retroviral vector. (d) Human T lymphocytes transduced with the V␤C␤- retroviral vector. (e) HLA-A1 restricted, MAGE-A1-specific parental CTL clone MZ2– 82/30 (positive control). (f) Human T lymphocytes transduced with the CD24 gene (negative control). Data presented in a1s, b1s, e and f were derived from one experiment; a1, b1 and c and d were derived from two separate experiments.



Native MAGE-A1POS/HLA-A1POS melanoma cells specifically trigger lysis and lymphokine production by chimeric TCR ␣␤POS T lymphocytes We then investigated whether chimeric sc-TCR V␣V␤C␤ or chimeric tc-TCR ␣/␤ expressing T lymphocytes each could also specifically recognize native MAGE-A1POS /HLA-A1POS melanoma cells. To this end, several MAGE-A1POS/HLA-A1POS melanoma cell lines as well as HLA-A1NEG control cell lines were mixed with aliquots of each type of transduced T lymphocytes. As shown in Figure 5, anti-V␣12.1FITC and anti-V␤1PE mAbs sorted, chimeric sc- and tc-TCR ␣␤POS T lymphocytes were each capable of specifically lysing native MAGE-A1POS, HLAA1POS melanoma cells (MZ2-MEL 3.0 and 518A2). To illustrate the specificity of lysis further, it was shown that addition of anti-MHC class I mAb resulted in significant reduction of specific tumor cell kill, whereas irrelevant mAb did not (Figure 5). Negative control HLA-A1POS, MAGE-A1NEG cell lines (MEL 2A, 72–2 and APD, see Figure 4) and distinct MHC-class IPOS (ie non-HLA-A1POS) target cell lines used in this experiment were not lysed (MEL 78, BLM and SKRC17–4, data not shown). Native MAGE-A1POS/HLA-A1POS melanoma cells also specifically induced TNF-␣, GM-CSF and IFN-␥ production by the sorted chimeric TCR ␣␤POS T lymphocytes (Table 3). High efficient sc-TCR V␣V␤C␤ gene transfer into human T lymphocytes using retronectin-coated culture plates So far, the efficacy of retroviral gene transfer into primary human T lymphocytes for clinical application has been Gene Therapy
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Figure 3 Peptide–MHC complex binding of chimeric-TCR ␣␤ expressing primary human T lymphocytes. Specific binding of soluble MAGE-A1/HLAA1/streptavidinPE complexes by transduced and flow-sorted primary human T lymphocytes was determined by flow cytometry. Flow-sorted T lymphocytes were stained with soluble MAGE-A1/HLA-A1/streptavidinPE complexes (A1/M1, shaded area) and soluble Influenza peptide/HLA-A1/streptavidinPE complexes (A1/IFN, open area) as described in Materials and methods.



hampered by poor transduction efficiencies of supernatant transduction protocols. Our viral vectors23 in combination with immobilized recombinant fibronectin fragments24 now allow for high transduction efficiencies into primary human T lymphocytes. After bulk transduction on retronectin-coated culture plates of primary, CD4depleted activated human T lymphocytes, derived from three donors, with the chimeric sc-TCR V␣V␤C␤ gene, 40–70% of the transduced populations were chimeric scTCR V␣12.1/V␤1POS as determined by cytofluorometric analysis (Figure 6a). The scTCRPOS T lymphocytes responded to MAGE-A1 peptide pulsed MAGE-A1NEG, HLA-A1POS melanoma cells (Mel2A) as well as native MAGE-A1POS, HLA-A1POS melanoma cells (MZ2-MEL3.0) (Figure 6b), but not to the MAGE-A1NEG, HLA-A1POS melanoma cells (Mel2A). Figure 4 Peptide-pulsed target cells are lysed by chimeric-TCR ␣␤transduced human T lymphocytes. MAGE-A1 peptide-pulsed HLA-A1pos target cells were incubated with flow-sorted human T lymphocytes transduced with: (1) the EGFP gene, (2) chimeric tc-TCR ␣/␤ genes, and (3) the chimeric sc-TCR V␣V␤C␤ gene, and tested in 6 h 51Cr release assays at four effector to target cell ratios (E:T). Shown are representative results obtained at E:T 27:1. 51Cr-labeled MAGE-A1NEG, HLA-A1POS, EBV-transformed B cell lines 72–2 and APD, and 51Crlabeled MAGE-A1NEG; HLA-A1POS MEL 2A melanoma cells were pulsed with MAGE-A1 or Influenza virus peptides (10 g/ml). Experiments were performed in triplicate, and the s.d. did not exceed 10%. Shown are data of one representative experiment out of three.



Discussion Here, we describe the first successful and functional transduction in primary human T lymphocytes of chimeric TCR ␣␤ genes encoding sc- (V␣V␤C␤) or tc(V␣C␣/V␤C␤) TCR with immune specificity for MAGE-A1POS/HLA-A1POS, native as well as peptide loaded melanoma cells. Eight out of eight polyclonally activated human T lymphocyte populations were functionally transduced, ie (1) the T cell transductants



Table 1 TNF-␣, GM-CSF and IFN-␥ production by chimeric-TCR ␣␤-transduced CTL: incubation with MAGE-A1 peptide pulsed melanoma cells MAGE-A1 peptide pulsed melanoma cellsa TNF-␣ pg/ml



CTL 82/30 sc-TCR V␣V␤C␤POS T lymphocytes tc-TCR ␣/␤POS T lymphocytes a



No pept.



+ MAGE-A1 pept.



No pept.



+ MAGE-A1 pept.



No pept.



+ MAGE-A1 pept.



0.0 56



2996 105



0.0 0.0



426 629



39 34



6678 577



61



380



0.0



3767



97



1954



As described in Materials and methods.
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IFN-␥ pg/ml



GM-CSF pg/ml
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Table 2 Chimeric sc- and tc-TCR-transduced T lymphocytes: FACS analysis and cytotoxicity Donor



FACS analysis % V␣ 12.1POS/V␤1POS T lymph



Cytotoxicity analysisa % 51Cr release at E:T 27:1



post sort %



no pept. %



+ pept. %



tc-TCR V␣C␣/V␤C␤ D2 32 D3 26 D4 24 D5 15 D6 29



⬎90b 65c 52c 48c 64c



15 40 28 0 9



73d 73e 46e 24f 67f



sc-TCR V␣V␤C␤ D1 D2 D3 D4



63c ⬎90b 60c 34c



26 15 11 34



64e 73d 40f 63e



pre-sort %



Table 3 TNF ␣, GM-CSF and IFN-␥ production by chimeric-TCR ␣␤-transduced CTL: incubation with native MAGE-A1POS/HLAA1POS melanoma cells
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Native HLA-A1POS/MAGE-A1POS melanoma cellsa TNF-␣ pg/ml



CTL 82/30 sc-TCR V␣V␤C␤POS T lymphocytes tc-TCR ␣/␤POS T lymphocytes



GM-CSF pg/ml



IFN-␥ pg/ml



428/0b 85/56b



54/0b 1889/0b



1159/39b 272/34b



120/61b



1785/0b



306/97b



a



23 28 34 26



a



As described in Materials and methods. Enrichment by flow cytometric sorting using anti-V␣12.1FITC and anti-V␤1PE mAbs. c Enrichment by anti-V␤1-coated magnetic beads. d MAGE-A1 peptide loaded HLA-A1POS, MAGE-A1NEG MEL2A melanoma cells. e MAGE-A1 peptide loaded HLA-A1POS, MAGE-A1NEG MZ2-MEL 2.2 melanoma cells. f MAGE-A1 peptide loaded HLA-A1POS, MAGE-A1NEG B-LCL cells (APD). b



expressed chimeric sc- and tc- ␣␤ TCR on their membrane, (2) specifically killed native MAGE-A1POS/HLAA1POS melanoma cells as well as MAGE-A1 peptide pulsed HLA-A1POS target cells; and (3) were specifically triggered by these cells to produce TNF-␣, GM-CSF and IFN-␥.



As described in Materials and methods. Negative control HLA-A1POS, MAGE-A1NEG cell line MZ2-MEL 2.2.



b



The ability to generate primary polyclonal human chimeric-TCR ␣␤POS CTL with predefined immune specificities is of fundamental as well as clinical importance. Fundamental, because functional TCR gene grafting to (human) T lymphocytes allows the study of: (1) whether and how genetically introduced TCR (and other receptors) with distinct molecular configurations, and linked to distinct signaling elements, can interact with other T cell (co-) signaling/adhesion molecules, and (2) how these may integrate downstream with other intracellular signaling pathways.25,26 Clinical, because such CTL can be used in disease-specific therapies.27–29 This important notion is supported by recent reports that adoptive transfer of CMV-specific30 or melanoma-specific31 CTL have been clinically effective in the prophylaxis of CMV reactivation and tumor growth control, respectively.



Figure 5 Native MAGE-A1POS, HLA-A1POS melanoma cells are susceptible to lysis by chimeric-TCR ␣␤ transduced T lymphocytes. Cytolytic capacity of transduced and flow-sorted human T lymphocytes was determined in 6 h 51Cr release assays. Left two rows show results obtained with 51Cr-labeled MAGE-A1POS, HLA-A1POS melanoma cells (MZ2-MEL 3.0 and 518A2) incubated with sc-TCR V␣V␤C␤POS and tc-TCR V␣C␣/V␤C␤POS T lymphocytes. The right two rows shows results obtained with 51Cr-labeled MAGE-A1POS, HLA-A1POS melanoma cells (MZ2-MEL 3.0 and 518A2) incubated with the positive control CTL 82/30 and negative control EGFP gene-transduced T lymphocytes. Anti-HLA-ABC (10 g/ml) or mouse Ig (10 g/ml) was added to the melanoma target cells (MZ2-MEL 3.0 and 518A2) 15–30 min before incubation with the effector T lymphocytes. Data obtained with negative control MAGE-A1NEG, HLA-A1POS target cells in this experiment are shown in Figure 4. Shown are mean percentages of triplicates of per cent-specific 51Cr release. Data of one representative experiment out of three are shown. Gene Therapy
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Figure 6 Human T lymphocytes transduced with the chimeric TCR V␣V␤C␤ on retronectin-coated culture plates show HLA-A1-restricted, MAGE-A1 specificity. (a) Expression of chimeric single chain TCR V␣V␤C␤ on human T lymphocytes was determined by flow cytometry. Events shown represent viable lymphocytes stained with anti-V␣12.1FITC and anti-V␤1PE mAbs. (b) Negative control MAGE-A1NEG, HLA-A1POS, melanoma cells, MAGE-A1 peptide-pulsed HLA-A1POS melanoma cells and native MAGE-A1POS/HLA-A1POS target cells were incubated with the indicated human T lymphocytes and tested in 6 h 51Cr release assays. The data show the per cent-specific 51Cr release from: (1) negative control HLA-A1POS Mel2A melanoma cells, (2) HLA-A1POS Mel2A melanoma cells pulsed with 10 g/ml MAGE-A1 peptide and, (3) MAGEA1POS/HLA-A1POS MZ2-MEL 3.0 melanoma cells. Cytolytic activity of ␥␦ T lymphocytes present in the transduced polyclonal human T lymphocyte populations was blocked by addition of anti-␥␦ mAb (1:1000 11F2 ascites) to the effector cells. Experiments were performed in triplicate, and the s.d. did not exceed 10%. Shown are the results obtained with one representative donor transduced with the chimeric scTCR V␣V␤C␤ and CD24 gene from one representative experiment (one out of three).



The ‘pStitch’ and pBullet viral vectors we developed23 and used in this study were critical to transduce efficiently and functionally chimeric sc-and tc-TCR gene constructs into primary human T lymphocytes activated with anti-CD3 mAb. Each type of transduced TCR ␣␤ gene was stably expressed in the transduced human T lymphocytes, and yielded high membrane expression levels of the chimeric receptors, as visualized using fluorochrome-labeled TCR V␣12.1 and V␤1 family typing monoclonal antibodies or specific MAGE-A1/HLA-A1 complexes. Chimeric two chain-TCR ␣/␤ gene constructs were formatted to facilitate preferential efficient heterodimerisation and membrane expression of these gene products.16 We therefore expected that the chimeric ␣ and ␤ chains would not pair with endogenous fulllength TCR ␤ and ␣ chains, respectively. Indeed, the strictly coordinated expression of chimeric TCR ␣␤ chains illustrates that no such pairing of chimeric tc-TCR Gene Therapy



␣/␤ chains as well as chimeric sc-TCR V␣V␤C␤ with endogenous TCR ␣␤ chains occurred, avoiding the creation of unknown immune specificities. Indeed, following transfer of either chimeric TCR ␣ or ␤ genes alone, no chimeric ␣ or chimeric ␤ chains were detected on the membrane of T cell transductants that were either PCR V␣12.1 or V␤1 positive, respectively (Figure 2). We then used in-house synthesized MAGE-A1/HLAA1 complexes to identify relevant chimeric sc- and tcTCR because Altman et al32 recently showed that fluorochrome-labeled peptide/MHC class I tetramers provide an extremely sensitive and practical tool to identify and isolate T lymphocytes with MHC-restricted TRA binding capacity. Moreover, Yee et al27 recently demonstrated that peptide/MHC tetramers not only identify but also select high avidity melanoma reactive CTL from heterogeneous T lymphocyte populations that were generated in mixed T lymphocyte/peptide pulsed dendritic cell cultures. Importantly, the CTL with high GP100/HLA-A2 tetramer binding capacity recognized not only peptide pulsed targets but also native TRAPOS melanoma, in contrast they showed that CTL with low tetramer binding capacity did not recognize native melanoma. Because they found no differences in the densities of adhesion molecules or CD8 on the membrane of these T cells it was concluded that the level of tetramer binding directly reflected the level of TCR affinity of individual T lymphocytes in heterogeneous T lymphocyte populations. Here, we also show that primary polyclonal human T lymphocytes that are genetically engineered to express chimeric sc- or tc-TCR and bind soluble HLA-A1/MAGEA1 complexes lyse native MAGE-A1POS melanoma cells and peptide pulsed target cells. However, in our system, individual T lymphocytes express the same, clonal chimeric V␣12.1/V␤ TCR, and bind MAGE-A1/HLA-A1 complexes. Thus, based on published data27 the chimeric TCR is of high affinity. Because of the clonal nature of the chimeric TCR, differences in MAGE-A1/HLA-A1 complex binding levels (avidity) in our experiments must reflect differences in the absolute numbers of chimeric TCR expressed in individual T lymphocytes, not differences in affinities between receptors. The relatively ‘low TRA/MHC complex binding’ chimeric TCRPOS T lymphocyte fraction lacks melanoma reactivity, and this could be attributed to a combination of relatively low TRA expression on melanoma cells on the one hand and the observed low chimeric TCR V␣12.1/V␤1 expression on the CTL on the other. Indeed, we recently demonstrated that such functional relationship between antigen receptor density on human T lymphocytes and tumor antigen density on tumor cells, respectively exists.41 Following gene transfer on retronectin-coated culture plates, 40–75% of the bulk cultured, CD4-depleted polyclonal human T lymphocytes were chimeric sc-TCRPOS, and specifically killed native HLA-A1POS/MAGE-A1POS melanoma cells. This makes this T cell transduction technology a promising candidate for therapeutic applications. The already large fraction of chimeric TCR ␣␤POS transductants in bulk-transduced human T lymphocytes can be directly and readily expanded in vitro to therapeutic numbers and used for immuno-gene therapy, ie without the need to clone melanoma reactive T cells before expansion. Moreover, the clinical use of transduced polyclonal immune lymphocytes, each subtype having its particular lymphokine production repertoire,
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proliferative and/or trafficking capacities, may prove optimal to control tumor cell growth. We have successfully transduced distinct lymphocyte populations, for example, NK cells, TCR ␣␤ (this article) and ␥␦ T lymphocytes, with chimeric sc- and tc-TCR ␣␤, that have distinct immune reactivities (manuscript in preparation). Moreover, we can now also confer multiple peptide or TRA-specific TCRs to individual T lymphocytes. The therapeutic use of multiple effector cell types, each expressing one or multiple receptor specificities may enhance anti-tumor activity by reducing the chance of tumor cells to escape from immune attack, and result in a prolonged anti-tumor response. To this end, large libraries can be composed of cDNAs encoding for any antigen/MHC specificity for which human CTL clones are or become available, they can be generated from in vivo isolated T lymphocytes, generated in vitro by specific stimulation, or created from TCR ␣␤ or ␥␦ display libraries.33,34 In conclusion, genetic engineering of T lymphocyte specificity with chimeric TCR ␣␤ provides an efficient and reliable tool to produce MHC-restricted, antigenspecific human T lymphocytes that may prove of significant use for disease-specific immune gene therapy of, for example, cancer and viral infections.



Materials and methods Cells and antibodies T lymphocytes derived from healthy donors were isolated and expanded as described elsewhere.23 Target cell lines used in this study are: (1) the MAGE-A1POS, HLAA1POS melanoma cell line MZ2-MEL.3.0; (2) the MAGEA1NEG, HLA-A1POS melanoma cell line MZ2-MEL 2.2 (kindly provided by T Boon and P Coulie, Ludwig Institute for Cancer Research, Brussels, Belgium);14 (3) the MAGE-A1POS, HLA-A1POS melanoma cell line 518A2 (kindly provided by P Schrier, Leiden University Medical Center, Leiden, The Netherlands); (4) the MAGE-A1NEG, HLA-A1POS melanoma cell line Mel 2A; (5) the HLAA1NEG melanoma cell line MEL 78; (6) the HLA-A1NEG melanoma cell line BLM (kindly provided by G Adema, University Hospital Nijmegen St Radboud, Nijmegen, The Netherlands); (7) the HLA-A1NEG renal carcinoma cell line SKR17–4 (kindly provided by E Oosterwijk, University Hospital Nijmegen St Radboud, Nijmegen, The Netherlands); and (8) the HLA-A1POS EBV-transformed B cell blasts APD and 72–2 (kindly provided by P Traversari, Instituto Scientifico HS Raffaelle, Milan, Italy). The human embryonic kidney cell line 293T35 (kindly provided by Y Soneoka, University of Oxford, Oxford, UK) was used as a packaging cell line for the pStitch V␣C␣/V␤C␤ and pBullet V␣V␤C␤ retroviral vectors.23 The mouse packaging cell line PG13 (ATCC CRL10686) was used to obtain stable sc-TCR V␣V␤C␤ retrovirus producing cells. The CTL clone MZ2–82/3014 was used for isolation of RNA coding for the HLA-A1-restricted, MAGE-A1-specific TCR ␣␤ (kindly provided by T Boon and P Coulie). The mAbs used in this study were: anti-HLA-ABC (clone W6/32, Sera-Lab, Crawley Down, UK); anti-CD4CY-5; anti-CD8FITC/PE (Becton Dickinson Biosciences, San Jose, CA, USA); the TCR V␣ and V␤ family-specific mAbs anti-V␣12.1 (T Cell Diagnostics, Woburn, MA, USA); and anti-V␤1 (Coulter-Immunotech, Marseille, France) and the anti-TCR ␥␦ mAb 11F2.36
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Cloning of HLA-A1 heavy chain: The gene coding for the HLA-A101 gene was amplified by PCR from cDNA clone Vi105 (kindly provided by T Boon) using the primers GCGGCGGCGGCCATGGGCTCCCACTCCATGAGG and TTTCTGTGCATCCAGAATATGATGCAGGG ATCCGA GCTCCCATCTCAGGGT, and the product of this first PCR was used as template in a second PCR using the primers GCGGCGGCGGCCATGGGC TCCCACTCCATGAGG and CGGCAGGAGAGCGGCCGCTTAACG ATGATTCCACACCATTTTCTGTGCATCCAGAAT. The restriction sites NcoI and NotI used for cloning are underlined. The forward primers encode the peptide HHILDAQKMVWNHR recognized by the BirA enzyme used for in vivo biotinylation. The PCR products were ethanolprecipitated, digested with NcoI and NotI enzymes, gelpurified and ligated into the plasmid pET21d (Novagen, Madison, WI, USA) and transformed into DH5␣, and clones containing an insert were sequenced. Clones with the correct sequence were transformed into BL21DE3 for protein production, together with a compatible plasmid containing the Bir A gene under the control of the tac promoter (pBirCm; Avidity, Denver, CO, USA). The plasmid pHN␤2m was used to produce the ␤2m. Inclusion body purification of HLA-A1 proteins and reconstitution of peptide /HLA-A1 complexes were adapted from Garboczi et al37 and Altman et al.32 Soluble peptide/HLA-A1/ streptavidinPE complexes were made by mixing equal volumes of streptavidin PE (5 g/ml, Becton Dickinson Biosciences) and soluble peptide/HLAA1 (120 g/ml), followed by 30 min incubation on ice. Construction of chimeric sc-TCR V␣V␤C␤ genes and chimeric tc-TCR V␣C␣-/V␤C␤- genes For construction of chimeric sc-TCRV␣V␤C␤ genes a cloning vector was designed that allows construction of these single chain molecules. The vector was made by replacement of the multiple cloning site in pBluescript (Stratagene, La Jolla, CA, USA) by insertion of the polylinker: GTACGAATTCGCAGATCTGGCTCTACTTCCG GTAGCGGCAAATCCTCTGAAGGCAAAGGTACTAGT GCGG ATCCGGCTCGAGCAGCT into the KpnI and SacI site. TCR V␣ and TCR V␤ fragments, amplified from CTL 82/30 with primers V␣-ATG and V␣-3⬘ and V␤-ATG and V␤-3⬘, respectively, were cloned into this vector. The extra-cellular domain of the TCR constant ␤ chain was amplified separately (primers C␤-5⬘ and C␤-3⬘) and inserted next to the single chain TCR V␣-linker-V␤. The TCR V␣-linker-V␤-C␤ fragment was then amplified with primers that introduced restriction sites (V␣-SfiI and C␤cys) allowing cloning into a retroviral expression cassette containing the signal sequence derived from the mouse immunoglobulin G250 variable heavy chain. This retroviral expression cassette pBullet-Cass was made in three steps: first, two NcoI sites (positions 317 and 2902) and an XhoI site (position 2785) were deleted in the pStitch retroviral vector, followed by insertion of the linker CCATGGGTCGACGGATCCGCGGCCGCTCGCGACTC GAG into the NcoI and BamHI sites.23 Next, the signal sequence of the G250 variable heavy chain (CCATG GACTTCGGGCTCAGATTGATTTTCCTTGTCCTGGTTT AAAAGGTGTCCTGTGTGCGGCCCAGCCGGCC) and  Gene Therapy
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chain were inserted into this vector resulting in the pBullet-Cass retroviral vector. Finally, the V␣-linker-V␤-C␤ fragment was inserted into this vector next to the human  chain. The  chain was isolated from the CTL clone D11.38 For construction of the chimeric two chain TCR V␣C␣ and V␤C␤ genes, extracellular domains from the TCR ␣ and ␤ chain were amplified from the CTL clone MZ2–82/30, using V␣-ATG and C␣-cys or V␤-ATG and C␤-cys-specific primers including the appropriate restriction sites. The V␣C␣ and V␤C␤ gene fragments were each ligated 5⬘ to the  gene in pBluescript. Chimeric V␣C␣- and V␤C␤- receptor genes were then cloned into the pStitch retroviral vector. Correct sequences of the chimeric sc-TCR V␣V␤C␤ and chimeric tc-TCR V␣C␣/V␤C␤- were verified using the T7 sequencing kit (Pharmacia, Uppsala, Sweden). The sequences of the above mentioned primers were: V␣-ATG: 5⬘-GCG-AAT-TCT-ACG-TAC-CAT-GGA-CATGCT-GAC-TGC-CAG-C-3⬘, V␣-3⬘: 5⬘-GCG-GAT-CCGGGT-TTG-ACC-ATT-ACC-CTT-G-3⬘, V␣-SfiI: 5⬘-TTA-CTC-GCG-GCC-CAG-CCG-GCC-ATGGCC-CAG-AAG-GTA-ACT-CAA-GCG-CAG-3⬘, C␣-cys: 5⬘-GCG-GAT-CCA-GAT-CCC-CAC-AGG-AAC-TTTCTG-GGC-TGG-GGA-AGA-AGG-TGT-CTT-CTG-G-3⬘, V␤-ATG: 5⬘-GCG-CCA-TGG-GCT-TCA-GGC-TGC-TCTGC-3⬘, V␤: 5⬘-GCG-AAT-TCT-ACG-TAC-CAT-GGG-CTT-CAGGCT-GCT-CTG-CTG-TGT-GGC-3⬘, V␤ 3⬘: 5⬘-GCG-GATCCG-AGC-ACT-GTC-AGC-CGG-GTG-CC-3⬘, C␤: 5⬘-TAC-CTC-GAG-GCA-TCG-ATG-AGC-AGG-TACAGG-AGA-A-3⬘, C␤-cys: 5⬘-GCG-GAT-CCA-GAT-CCC-CAC-AGT-CTGCTC-TAC-CCC-AGG-CCT-CGG-CGC-TGA-CGA-TCTGC-3⬘.



Retroviral chimeric-TCR ␣␤ gene transduction into primary human T lymphocytes: in vitro expansion of transduced T lymphocytes Activated human peripheral blood lymphocytes (PBL) (5 × 106) were transduced using the pStitch or pBullet retroviral vector with the chimeric two chain TCR V␣C␣ and V␤C␤ receptor genes or chimeric sc-TCR V␣V␤C␤, respectively, as described earlier.23 Briefly, anti-CD3 activated lymphocytes were incubated for 72 h with an irradiated (25 Gy) monolayer of recombinant retrovirusproducing 293T cells, using culture medium (RPMI 1640 with 25 mm Hepes, 10% human serum, 2 mm glutamine, penicillin 100 U/ml and streptomycin 100 g/ml) supplemented with 4 g/ml polybrene (Sigma, St Louis, MO, USA), and 360 IU/ml human rIL-2 (Proleukin; Chiron, Amsterdam, The Netherlands). Retroviral transduction of the chimeric sc-TCR V␣V␤C␤ was also performed with supernatant produced by PG13 packaging cells containing the pBullet TCR V␣V␤C␤ vector essentially as described.24 Expansion of transduced primary human T lymphocytes was performed in the presence of feeder cells as we have described elsewhere.39,40 Cytofluorometric analysis and sorting of retrovirally transduced human T lymphocytes Human T lymphocytes (5 × 105) were stained with TCR V␣ and V␤ family-type-specific anti-V␣-12.1FITC (2 g/ml) and anti-V␤1PE (2 g/ml) mAb in a volume of 50 l. For staining with soluble HLAA1/peptide/streptavidinPE complexes, cells (5 × 105) Gene Therapy



were incubated for 30 min on ice, with a 1:10 dilution of freshly prepared complexes in a volume of 20 l. Before staining T lymphocyte viability was assessed by trypan blue staining: only T lymphocyte populations ⬎95% viable were used. The dot plots show viable T lymphoblasts selected by gating on forward (FSC) and sideward (SSC) light scatter signals. Analysis was performed on a FACSCAN instrument (Becton Dickinson Biosciences). Flow sorting was performed on a FACS-Vantage instrument (Becton Dickinson Biosciences) using saturating concentrations of anti-V␣-12.1FITC, anti-V␤-1PE and antiCD4Cy-5. Flow-sorted T lymphocytes were expanded before use in functional assays as described elsewere.39,40



Cytotoxicity assays Cytolytic activity of transduced human T lymphocytes was measured in 6 h 51Cr-release assays as described.9 In experiments aimed at blocking specific cytolytic activity, mAbs were added to the T lymphocytes 15–30 min before addition of the target cells (W6/32: 10 g/ml, or irrelevant mIg: 10 g/ml). Peptide loading of target cells was performed by addition of MAGE-A1 nonapeptide (EADPTGHSY) or irrelevant Influenza peptide derived from Influenza virus A nucleoprotein (CTELKLSDY) (both 10 g/ml) to the target cells before incubation with effector T lymphocytes. Percentage-specific 51Cr release was calculated as follows: ((test counts − spontaneous counts)/(maximum counts − spontaneous counts)) × 100%. TNF-␣, GM-CSF and IFN-␥ production To quantify TNF-␣, GM-CSF and IFN-␥ production by the transduced flow-sorted human T lymphocytes after antigen-specific stimulation, 6 × 104 transduced T lymphocytes were cultured for 24 h either in the presence or absence of 2 × 104 adherent tumor cells in RPMI-1640 medium supplemented with 360 IU/ml rIL-2. At the end of culture, supernatant was harvested and levels of TNF␣, GM-CSF (Medgenix, Fleurus, Belgium) and IFN-␥ (CLB, Amsterdam, The Netherlands) were measured by standard ELISA according to the manufacturer’s instructions.
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