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Summary
Based on promising pre-clinical data demonstrating the eradication of systemic B cell malignancies
by CD19-targeted T lymphocytes in vivo in SCID beige mouse models, we are launching Phase 1
clinical trials in patients with chronic lymphocytic leukemia (CLL) and acute lymphoblastic leukemia
(ALL). We present here the validation of the bioprocess we developed for the production and
expansion of clinical grade autologous T cells derived from patients with CLL. We demonstrate that
T cells genetically modified with a replication-defective gammaretroviral vector derived from the
Moloney murine leukemia virus encoding a chimeric antigen receptor (CAR) targeted to CD19
(1928z) can be expanded with Dynabeads® CD3/CD28. This bioprocess allows us to generate clinical
doses of 1928z+ T cells in approximately 2 to 3 weeks in a large-scale semi-closed culture system
using the Wave bioreactor. These 1928z+ T cells remain biologically functional not only in vitro but
also in SCID beige mice bearing disseminated tumors. The validation requirements in terms of T cell
expansion, T cell transduction with the 1928z CAR, biological activity, quality control testing and
release criteria were met for all four validation runs using apheresis products from patients with CLL.
Additionally, following expansion of the T cells, the diversity of the skewed Vβ T cell receptor
repertoire was significantly restored. This validated process will be used in phase I clinical trials in
patients with chemo-refractory CLL and in patients with relapsed ALL. It can also be adapted for
other clinical trials involving the expansion and transduction of patient or donor T cells using any
chimeric antigen receptor or T cell receptor.
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Introduction
Chronic Lymphocytic Leukemia (CLL), an indolent cancer of B lymphocytes, is the most
common adult leukemia. Despite significant progress in the treatment and management of CLL,
most patients will ultimately develop progressive, incurable, chemotherapy resistant disease.
1 Patients who suffer a relapse of acute lymphoblastic leukemia (ALL) following an allogeneic
marrow transplant also have a poor prognosis. 2 For patients relapsing in the first year post
transplant, long-term survival is less than 15%, even with second transplants, due to high
transplant-related morbidity and mortality as well as a high rate of subsequent relapse.3, 4 As
a consequence, alternative treatment approaches are still urgently needed for both patient
populations. The adoptive transfer of autologous antigen specific-T cells is one promising
approach for therapy in patients with melanoma and certain hematological malignancies.5-10

CD19, a molecule present on the surface of most B cell malignancies including B cell
lymphomas, ALL, CLL, hairy cell leukemias, and a subset of acute myelogenous leukemias,
is a target of choice for targeted immunotherapy. It is present on normal B cells from early
development until differentiation into plasma cells, but it is absent on other normal tissues
including pluripotent hematopoietic stem cells. Consequently, we have developed a novel
adoptive cell therapy approach based on the genetic modification of patient T cells to recognize
the B cell-specific cellular marker CD19 for the treatment of CLL and ALL.11, 12 Our
approach uses a replication defective SFG-based gammaretroviral vector13 to deliver a CD19-
specific chimeric antigen receptor to T cells.

We have previously shown that a first generation chimeric antigen receptor targeted to human
CD19, 19z1, can effectively lyse CD19+ tumor cells in vitro and eradicate systemic tumors in
SCID-Beige mice in vivo.11 To promote effective T cell responses against tumors lacking
costimulatory molecules, we developed a second generation CAR termed 1928z. The 1928z
CAR expresses a single chain fragment-length antibody derived from a murine CD19 specific
monoclonal antibody fused to the extracellular, transmembrane and intracellular signaling
domains of the co-stimulatory receptor CD28 and the cytoplasmic signaling domain of the T
cell receptor associated CD3 ζ chain14. We have demonstrated that this 1928z CAR confers
to T cells the ability to eradicate pre-established tumors in vivo that do not express costimulatory
molecules in SCID-Beige mice. 12, 15

The method used for expanding T cells prior to infusion is an essential determinant of their in
vivo efficacy. It has been previously demonstrated that T cells derived from patients with
various lymphoma and leukemias16-20, myeloma21, HIV22-24 or viral antigen-specific T
cells25 can be expanded ex vivo with anti-CD3 and anti-CD28 monoclonal antibodies
covalently linked to magnetic beads and that these cells exhibit anti-tumor activity in vitro and
in vivo. We have also demonstrated that 1928z transduced T cells expanded with
Dynabeads® CD3/CD2826 efficiently lyse CD19+ tumor cells both in vitro and SCID-Beige
mice 27 similarly to T cells activated with PHA and subsequently restimulated on artificial
antigen presenting cells.11

To evaluate the safety and efficacy of autologous T cells genetically modified to express the
1928z CAR in human Phase I clinical trials in patients with CLL and ALL, we developed a
manufacturing process based on T cell expansion with Dynabeads® CD3/CD28 for the
activation, transduction and expansion of clinical relevant numbers of autologous
1928z+CD3+ T cells. This process allows us to generate clinical doses of biologically functional
1928z+ T cells in approximately 2 to 3 weeks in a large-scale semi-closed culture system using
the Wave bioreactor.
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Materials and Methods
Selection of a PG13-SFG-1928z clone

A clinical grade high-titer PG13 clone expressing the 1928z chimeric antigen receptor (CAR)
was generated by transiently transfecting Phoenix-eco cells with the plasmid encoding the
gammaretroviral vector SFG-1928z12 and subsequently infecting PG13 cells with cell-free
vector stocks from the transfected Phoenix-eco cells. The PG13-1928z cell population was
subsequently subcloned by limiting dilution. Clones were isolated and titers were determined
by infecting HeLa cells under standardized conditions. High titer clones were identified by
fluorescence activated cell sorting (FACS) using the anti-1928z CAR hamster monoclonal
antibody 19E3 that was generated in-house by the MSKCC monoclonal antibody core facility.
The high titer PG13-1928z clone 34 was subjected to a second round of subcloning by limiting
dilution. The subclone PG13-1928z cl.3 was demonstrated to express the 19-28zCAR and was
selected for its ability to efficiently transduce peripheral blood mononuclear cells (PBMCs).
Integrity of the retroviral vector construct was demonstrated and a single copy of the integrated
proviral vector was detected by Southern blot analysis in the genomic DNA extracted from
PG13-1928z clone 3 (data not shown). The PG13-1928z clone 3 was expanded to generate a
seed bank (SB) that was tested for absence of mycoplasm, replication competent retrovirus
(RCR), and for sterility. The SB passed all required tests.

Generation of a PG13-1928z Master Cell Bank
A master cell bank (MCB) of 100 vials of the resulting PG13-1928z clone 3 was produced and
tested according to FDA and NIH recommendations and guidelines (see Results section). The
biosafety tests for the MCB were performed by Charles River Laboratories (CRL, Malvern,
PA) and the National Gene Vector Laboratory (NGVL, Indianapolis, IN).

Manufacture of cGMP-like clinical grade vector stocks
cGMP-like grade PG13-1928z vector stocks were prepared as previously described28. Briefly,
cells were initially seeded using one certified MCB cryovial containing 107 cells and ultimately
expanded into four 10-tray Cell Factories. Viral stocks were harvested from 4 Cell Factories
in a 5 L sterile bioprocessing bag using a peristaltic pump on each of 3 consecutive days. Viral
stocks were filtered, temporary stored at 4°C, pooled on the third day and frozen at −80°C in
cryobags. Cell expansion and viral stocks production was performed in DMEM, 10% FBS. In
order to release the vector stocks, biosafety testing was performed according to FDA and NIH
guidelines and recommendations. The biosafety tests were performed by CRL and the NGVL.

Apheresis products from patients with B-CLL
Frozen CLL patient-derived apheresis products were obtained under MSKCC Institutional
Review Board approval. Apheresis products were washed using a Cytomate™ cell washer
(Baxter, Deerfield, IL) to remove gross platelet and red blood cell contamination29, followed
by freezing in a Cryomed controlled rate freezer according to Standard Operating Procedures
(SOPs). Frozen products were stored in liquid nitrogen vapor phase until use.

Large clinical scale T cell expansion
All processes were validated within a class 10,000 cleanroom environment. At Day 0, frozen
apheresis products obtained from patients with B-CLL were thawed and washed with PBS
using a Cytomate™ cell washer 29 (Baxter, Deerfield IL) and filtered using a 40/150 Micron
Dual Screen Blood filter (Baxter). Cells were incubated for 1 hour with agitation at room
temperature with Xcyte™ Dynabeads® kindly provided by M. Bonyhadi (VR1 to VR3) or
Dynabeads® ClinExVivo™ CD3/CD28 beads (VR4) (Invitrogen, Carlsbad, CA) at a ratio of
3:1 (beads:cells). Following incubation cells were bound and enriched using a Dynal
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ClinExVIVO™ MPC magnet (Invitrogen). CD3+ enriched cells were resuspended at
approximately 1×106/ml in XVIVO-15 medium (Cambrex, East Rutherford, NJ) + 5% AB
serum (Gemini, West Sacramento, CA) and 100U/ml Interleukin-2 (Proleukin, Chiron) and
transferred to a 37°C incubator. On Day 3, Origen Permalife PL240 bags (Origen Biomedical,
Austin, TX) were injected with 50ml of Retronectin (Takara, Japan) at a final concentration
of 15 ug/mL in water for injection (WFI). Bags were incubated at ambient temperature for two
hours. After discarding the Retronectin solution, bags were injected with 60ml of 0.5% Human
Serum Albumin (HSA) (Talecris, Research Triangle Park, NC) in D-PBS, followed by a 30
minutes incubation at ambient temperature. Finally, bags were washed twice with 50ml of D-
PBS.

Activated T cells were resuspended at 2×106/ml, mixed 1:1 (v/v) with clinical grade 1928z-
vector stocks and transferred to the Retronectin coated Origen bags. Bags were spinoculated
for 1 hour at ambient temperature at 186g using an HL-2B rotor in a Sorval RC-3BP centrifuge
and subsequently transferred to a 37°C incubator. The spinoculation was repeated at a ratio of
1:1 (v/v) on Day 4 and cells received a media feed on Day 5. After two rounds of transduction,
the cells were transferred to a 2L WAVE bag on a WAVE EHT Bioreactor (GE Healthcare,
Somerset, NJ) and expanded using a constant perfusion regime as previously described29 in
XVIVO-15 medium supplemented with 5% AB serum and increasing levels of Interleukin-2
(100U/ml, 200U/ml and 500U/ml respectively). Once the target cell dose of 3 × 107 1928z+
T cells/ kg was reached (using a reference weight of 70kg), cells were pumped out of the
WAVE, debeaded using a Dynal ClinEXVIVO™ MPC magnet (Invitrogen), washed, volume
reduced and resuspended in Plasmalyte A (Baxter) + 1% HSA using the Cytomate™ cell
washer.

Lactate levels within the WAVE bioreactor were measured using Lactate Pro test strips and
test meter (ARKRAY, Inc, Kyoto, Japan). Glucose levels were monitored using an Accu-Chek
blood glucose testing system (Roche Diagnostics, Indianapolis, IN).

Cell counts and immunophenotyping by FACS analysis
Viable cell counts were performed using standard Trypan blue exclusion method. Expanded
T cells were analyzed for the expression of 1928z CAR following staining with a PE-
conjugated 1928z specific hamster monoclonal antibody (in-house 19E3 monoclonal antibody)
and mouse anti-human CD3 FITC (Caltag/Invitrogen, Carlsbad, CA, USA). CD4 and CD8
were detected using mouse anti-human CD4-PerCP Cy5.5 (BD Biosciences, San Jose, CA,
USA) or CD4-TRI (Caltag/Invitrogen) and mouse anti-human CD8-APC (Caltag/Invitrogen),
respectively. Untransduced cells and relevant isotype antibodies were used as controls. The B-
CLL tumor cells were detected in apheresis and end products by co-staining with CD45 APC
H7, CD19 FITC, CD5 PE (BD Biosciences, San Jose, CA, USA). Staining with 7AAD
(Beckman Coulter, Fullerton, CA) was used to gate out dead cells. Stained cells were acquired
on a FACSCanto (BD Biosciences, San Jose, CA, USA). For phenotyping of end of production
T cells, frozen T cell products were thawed, washed in PBS and stained at room temperature.
Antibodies used were 19E3 PE, CD62L FITC, CD28 FITC, CD45RA (Caltag/Invitrogen),
CCR7 PE-Cy7, CD27 APC, CD8 PE-Cy7 (BD Biosciences), CD8 APC-AF750 and CD127
Pacific Blue (eBiosciences, San Diego, CA). 7AAD (Beckman Coulter) was added prior to
acquisition on an LSRII flow cytometer (BD Biosciences, San Jose, California). All frozen
products contained >98% CD3+ and were gated on 7AAD-1928z+ chimeric antigen positive
events. Analysis was performed using FloJo software (TreeStar, Ashland, OR).

Quantitative Real-Time PCR
DNA was extracted from expanded T cells when the number of 1928z+ T cells reached 30%
to 100% of the target dose using a Gentra Puregene kit (QIAGEN, Valencia, CA) as per
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manufacturers' directions). Quantification of the SFG-1928z vector copy number was
performed using the Applied Biosystems 7500 real-time PCR system. The PCR mix contained
1X Taqman Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 800nM each
of the primers (Fisheroligo.com), 200nM each of labeled probes (Applied Biosystems) and
sterile nuclease free water. The primer sets SFG forward and reverse, Human Albumin forward
and reverse and the labeled probes for SFG-based vector and human albumin were previously
described30,. Reactions were set up in MicroAmp Optical 96-well reaction plates (Applied
Biosystems), with 24ul PCR mix per well. 1ul containing 100ng DNA was added per well,
plates sealed with optical adhesive cover (Applied Biosystems) and centrifuged at 100×g
2mins. Unknown samples, no template controls and standards were run in triplicate. 1ul of
serially diluted SFG-based plasmid and human albumin plasmid standards contained 107 to
102 plasmid copies in 100ng salmon sperm DNA. Q-PCR running conditions were 50°C for
2mins, 95°C for 10mins, then 40 cycles of 95°C for 15 secs, 60°C for 1 min. Analysis was
performed using the 7500 System SDS software v.1.2.3. Average SFG-1928z vector copy
number per cell was calculated by normalizing to the endogenous number of diploid albumin
copies.

Detection of GaLV envelope by PCR for testing of Replication Competent Retrovirus (RCR)
The presence of DNA sequences encoding the GaLV viral envelope was investigated in the
genomic DNA extracted from 5 × 106 untransduced and transduced patient's T cells using
QIAamp DNA Blood Midi Kit (QIAGEN). The PCR method uses a set of primers designed
to detect GaLV envelope sequences: 5′-ACCACAGGCGACAGACTTTT, 5′-
TGAGACAGCCTCTCTTTTAGTCCT and Actin primers utilized as amplification control:
5′-ACACTGTGCCCATCTACGAGG, 5′-AGGGGCCGGACTCGTCATACT. The
sensitivity of the assay was determined to be as low as 6 copies of the DNA sequences in
samples spiked with the positive control plasmid (pGEM-Gal-Seato). The primers and the
pGEM-Gal-Seato plasmid were kindly provided by K. Cornetta, NGVL, Indianapolis, IN.

Points to Consider (PTC) Replication Competent Retrovirus testing (RCR) and Mycoplasma
Testing

PTC testing of cells, supernatant or a mix of cell and supernatant, as required, was performed
by CRLand NGVL according to FDA guidelines as previously described 28 31 32

Endotoxin Detection
Endotoxin level in final products was determined using the FDA-approved Endosafe® -PTS
Portable Test System (Charles River Laboratories) as per the manufacturer's recommendations.
33 The PTS mimics LAL kinetic chromogenic methodology by measuring color intensity
directly related to the endotoxin concentration in a sample and was performed according to
manufacturer's guidelines. The level of sensitivity is between 0.10-10 EU/ml. Results were
converted to EU/kg based on patient weight and product volume.

Rapid Mycoplasma Testing
Mycoplasma detection was performed on final products using the MycoAlert® Mycoplasma
Detection Kit (Cambrex). Assays were performed according to manufacturer's guidelines.

Residual Dynabeads ClinExVivo CD3/CD28
Residual bead count was determined on samples containing 107 cells. Cells were lysed using
chlorine bleach, centrifuged, resuspended in 10 ul and loaded onto a chamber on a
hemacytometer. Counts were determined by counting beads contained in the nine large squares
of the grid that contain 0.1 μl/square that was determined to contain an equivalent of 105 cells/
square.
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In vitro cytotoxic assay
Cytotoxic activity of 1928z transduced T cells on autologous B-CLL cells and Raji cells, a
Burkitt's lymphoma cell line expressing CD19, was determined using a standard chromium
release assay. 1 × 104 51Cr-labeled target cells were incubated with the effector cells at various
E:T ratios (25:1 to 3.125:1) in 96-well microplates14. Following 4 h incubation at 37°C,
supernatants were harvested and radioactivity was counted in a microplate scintillation counter
(Packard Instruments Co., Meriden, CT).

In vivo activity of 1928z+ T cells in SCID beige mice
FOX CHASE C.B-17 (SCID-Beige) mice (Taconic, Germantown NY) inoculated
intravenously by tail vein injection with 5 ×105 Raji cells develop hind-limb paralysis in 3 to
5 weeks after tumor cell injection, secondary to spinal cord compression from vertebral bone
marrow tumor involvement.11 Mice bearing established Raji tumors, six days after intravenous
injection, were treated with 107 1928zCD3+ transduced T cells from VR4 by tail-vein
injections. Untransduced T cells from the same donor served as a control.

Spectratype Analysis
RNA was isolated from 1× 107 T cells derived from either the apheresis product (starting
material) or from the 1928z transduced T cells collected at the end of the validation run (end
of production T cells). RNA was isolated using TRIzol reagent following manufacturer's
instructions (Invitrogen). Synthesis of cDNA was performed using 3 ug of RNA as template,
random hexamers as primers and the Superscript III synthesis kit following manufacturer's
instructions (Invitrogen). Aliquots of cDNA were used as templates for Vβ PCR amplification.
A Cβ primer labeled with FAM34 and variable region primers for β families 1-2435 were used
for PCR. The PCR was performed under the following conditions: 94 °C for 2 min, followed
by 35 cycles at 94° C for 1 min, 55 °C for 1 min and 72 °C for 1 min, and completed at 72 °C
for 10 min hold. Aliquots of the PCR were run on an ABI 3100 and the resulting fragments
analyzed using Peakscanner software (Applied Biosystems, Foster City, CA).

Results
PG13-1928z Master Cell Bank Qualification

We produced a PG13-1928z Master Cell Bank of 100 vials. The PG13-1928z MCB was
certified after a broad range of safety and identity testing was performed (Table 1). 21CFR610
compliant sterility testing was negative, PTC mycoplasm testing on combined end of
production (EOP) cells and cell supernatant was negative. Analysis of genomic DNA by
Southern blot demonstrated expected band sizes (data not shown). The MCB biosafety testing
included in vitro and in vivo adventitious virus testing, replication competent retrovirus (RCR)
testing and screening for a range of human pathogenic viruses. No virus was detected in any
of these assays. In summary, the PG13-1928z MCB passed all required testing (Table 1). We
also performed small-scale vector productions and evaluated the suitability of the vector titer
on HeLa cells for clinical use. Titration of these small-scale vector stocks on T cells derived
from healthy donors (n=2) gave an average titer of 6× 105 TU/ml corresponding to transduction
efficiency in the range of 22 to 34%.

PG13-1928z Vector Stocks Qualification
Seven liters of cell-free clinical grade 1928z vector stocks were prepared as previously
described28 and frozen at -80°C in 250ml aliquots. The vector stocks were certified after a
broad range of safety and identity testing was performed. Membrane-filtration 21CFR610.12
compliant sterility testing on both the bulk and final products was negative. PTC mycoplasma
testing performed on EOP cell and EOP supernatant was negative. GaLV RCR envelope was
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undetectable on both the EOP cells and EOP supernatant and the supernatant passed USP
21CFR610.11 general safety testing. The vector stocks passed all tests (Table 1). Titration of
the large-scale vector stocks on HeLa indicator cells was less than 105 TU/ml. Titration on T
cells derived from healthy donors (n=2) gave an average titer of 9× 105 IU/ml corresponding
to an average transduction efficiency of 46%.

Large scale bioprocessing of 1928z+ transduced T cells
We undertook validation studies of the large scale transduction and expansion process to
demonstrate that i) suitable levels of transduction could be achieved in tissue culture bags using
the certified PG13-1928z vector stocks, ii) sufficient numbers of 1928z+ T cells could be
manufactured in a reasonable time frame and iii) our clinical process was free of fungal,
bacterial and mycoplasma contamination or replication competent retrovirus. The validation
study was designed to represent the process that would be used for the upcoming Phase 1
clinical trials. This process is outlined in Fig 1.

Apheresis products were used as starting materials for the validation runs and were obtained
from patients with CLL (termed VR1, VR2, VR3 and VR4). The patients had received a range
of prior treatment regimens including previous gene therapy, Rituximab, fludarabine and other
chemotherapy regimens (Table 2). On day 0, the apheresis products were evaluated for various
cell markers by fluorescence activated cell sorting (FACS), viability and total number of cells
(TNC) after thawing and washing using the Cytomate™. Characteristics of the initial products
are shown in Table 2. Starting CD3+ ranged from 0.5% to 8.4% and TNC ranged from 0.66 to
3.24 × 1010. All four products had high levels of CD5+CD19+ CLL tumor cells ranging from
45% to 96%. Washed apheresis products were then activated using Dynabeads® CD3/CD28
and CD3+CD28+ T cells were enriched using a ClinExVivo MPC magnet. A volume of
apheresis product, containing 3×108 CD3+ cells (VR1-VR3) or 2.5×108 CD3+ cells (VR4)
was diluted to 100ml and incubated with 9×108 beads. After incubation, CD3+CD28+ T cells
were enriched on the ClinExVivo MPC magnet and cells were resuspended at 1×106/ml. Using
this process, sufficient cells were obtained and activated. On day 3 and 4, T cells were
transduced with the 1928z vector stocks as described in Materials and Methods.

During the early stages of our pre-clinical development, we investigated various options to
optimize the expansion of patient T cells in the WAVE bioreactor. A continuous perfusion
regime was selected. In this system, fresh media is pumped continuously into the WAVE
bioreactor, while an equal volume of media is pumped out. During the expansion of T cells in
the WAVE bioreactor, we adjust rocking of the WAVE platform to provide increase oxygen
exchange (6-15rpm), we increase perfusion volumes over 24hr periods (200ml-1600ml) and
we increase Interleukin-2 levels (100-500U/ml). T cells expanded a total of 87 to 668-fold over
a period of 13 to 18 days (Fig 2A). Cell densities ranged from 13.2×106/ml to 31×106/ml (Fig
2B) with final viabilities of 91.7% to 98.9% (Table 5). Total T cell counts ranged from 0.8 to
2.5 ×1010 (Table 2). In addition to cell counts and viability, we also monitored glucose (Fig.
2C) and lactate levels (Fig. 2D) in the WAVE bioreactor cultures. We consistently observed
that as the cell concentrations increased, the levels of lactate decreased while the levels of
glucose increased.

Transduction efficiency, as measured by FACS analysis using the 19E3 monoclonal antibody
specific for the 1928z CAR, ranged from 14.6% to 43% (Table 2). CD4:CD8 ratios changed
during the course of Dynabeads® CD3/CD28 activation and subsequent expansion in the
WAVE bioreactor. An increase in the CD4 content of cultures was observed in three of the
four validation runs (Table 2).

The downstream T cell processing involves the use of the ClinExVivo MPC magnet and
Cytomate™ cell washer. The ClinExVivo MPC magnet consists of a large primary magnet
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that binds the majority of beads plus a smaller secondary magnet that allows final clarification
before the de-beaded cells enter the collection transfer pack. 200ml fractions of the bulk culture
are pumped onto the primary magnet using a Watson Marlow pump (Watson Marlowm,
Wilmington, MA), incubated to allow bead capture and drained over the smaller secondary
magnet into the collection transfer pack. This process is repeated until the entire bulk culture
(1 to 1.2 liters) is passed over both magnets. The residual bead contamination was very low
and even undetectable in two out of the 3 tested validation runs (Table 5). The final stage of
our bioprocess is a volume reduction and wash using the Cytomate™. The de-beaded bulk
culture is washed and volume reduced into a solution of Plasmalyte A and 1% HSA. The final
product can be further diluted with Plasmalyte A and 1% HSA if required.

At each stage of cell processing, particularly during selection and volume reduction, loss of
cells can occur. We calculated the downstream processing efficiency during the course of the
validation runs (Table 3). In all cases, the TNC recovery after the downstream ClinExVivo
MPC magnet de-beading and Cytomate™ washing/volume reduction steps was ≥ 66%. The
downstream processing had no impact on the viability of cells, as the viability at all stages and
in all validation runs was > 91%.

Depletion of B-CLL tumors in EOP 1928z T cells
It is important that carry over of B-CLL tumor cells present in the initial apheresis product be
monitored during the bioprocessing of 1928z T cells. CD3+ purity was greater than 95% at
completion of all four runs, ranging from 98% to 100%. Final CD5+CD19+ tumor
contamination in the EOP 1928z+ T cells was very low in VR1, VR3 and VR4 (0.04% to 0.28%)
and undetectable in VR2, indicating that the cultures were highly enriched in CD3+ T cells.
We also observed that the clearance of contaminating tumor cells was accelerated in cultures
expressing the 1928z CAR indicating that the CD5+CD19+ cells which remain post-selection
and activation with Dynabeads® are lost during expansion, likely due to lysis upon coculture
with 1928z+ CD3+ cells (data not shown).

In vitro cytotoxic studies and in vivo biological activity of 1928z+ T cells
We have previously shown that human T cells expressing 19z1 and 1928z CARs can efficiently
lyse CD19+ Raji lymphoma cells both in vitro and eradicate tumors in vivo11, 12. As part of
the validation process, we sought to demonstrate that the 1928z transduced T cells, when
manufactured at large scale and expanded with Dynabeads®, possessed in vitro cytotoxic
activity and in vivo biological activity. To this end, we tested cells from each of the four
validation runs in vitro in chromium release assays. We choose both Raji lymphoma cells and
patient autologous B-CLL cells as targets (Fig. 3A). On autologous patient B cells, VR1 – VR3
T cell final products demonstrated greater than 50% lysis activity at 25:1 effector to target ratio
and VR4 gave 37% lysis. Control untransduced T cells lacking the 1928z CAR showed no
significant lysis. In order to determine the biological activity of the transduced T cells in
vivo, 1928z+ T cells from VR4 were injected in mice bearing pre-established Raji tumors (Fig.
3B). The 1928z+ T cells were able to eradicate the tumors in 90% of the mice followed for
more than 120 days while all the mice treated with untransduced T cells had to be sacrificed
around 25 to 30 days following tumor cell infusion due to hind limb paralysis.

Spectratype analysis
Spectratype analysis was performed on samples from the initial apheresis products as well as
on the final 1928z transduced T cell products expanded with the Dynabeads® derived from
VR1 and VR2. Skewed receptor repertoire was observed in the apheresis products in many of
the Vβ families characterized by oligoclonal patterns showing one or two predominant peaks
(Fig. 4). Following expansion, repertoire skewing was reduced and replaced with a Gaussian
distribution of peaks representing a more diverse repertoire.
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Immunophenotype of the EOP 1928z+ T cells
The immunophenotype of the 1928z+ EOP T cells is shown in Table 4. In VR2, VR3 and VR4
1928z+ transduced T cells were CD62L-, CCR7-, and CD127-. In VR1, 1928z+ transduced T
cells were also CD62L- and CCR7-, but did show CD127 expression (56.6%). In all four
validation runs, the 1928z+ T cells remained CD28+ (≥ 85%) following expansion with the
Dynabeads® CD3/CD28 and a significant proportion of transduced T cells (23% to 44%)
retained CD27 expression. 36.7% of 1928z+ T cells in VR4 also remained CD45RA+.

Release and biosafety testing
During the development of this T cell process, we sought to use a semi-closed system that
would allow us to culture cells in the WAVE bioreactor without the addition of antibiotics.
Extensive testing was performed during the validation runs to ensure that our process was free
of bacterial, fungal, yeast and mycoplasma contamination (Table 4). 14 day USP sterility
testing and Gram staining were performed on T cell cultures during expansion, on bulk
supernatant during final washes on the Cytomate™ and on the EOP cells. All tests performed
in process and at the end of the production were negative in all validation runs.

Levels of endotoxin determined on EOP cells to rapidly detect bacterial contamination were
below specifications in all validation runs as well. We also undertook rapid mycoplasma testing
during expansion of T cells in combination with PTC Mycoplasma testing on EOP cells. All
tests were negative for the presence of mycoplasma.

As we are using an SFG-based gammaretroviral vector13 to deliver the 1928z CAR, several
important biosafety tests were performed including the determination of the average number
of integrated SFG-1928z vector copies in transduced T cells. Real time PCR analysis was
performed on genomic DNA extracted from EOP cells using a plasmid DNA standard curve.
The average vector copy numbers ranged from 0.2 to 0.97 and fell within the specified range
of ≤ 4 copies/ cell as per FDA recommendation (Table 5). We also tested the presence of
replication competent retrovirus (RCR) by PCR using the GaLV envelope as the target
sequence as well as a marker-rescue cell culture assay. RCR testing by PCR and marker-rescue
assays were performed on in-process and EOP 1928z T cells respectively for each of the four
validation runs. All tests were negative for the presence of RCR (Table 5).

Stability of the formulated 1928z+ T cells
The design of our Phase I clinical trials requires that the EOP 1928z T cells be infused fresh,
without cryopreservation. To determine the stability of the T cells at 4°C and provide an
expiration time/date for the product, we undertook a stability study. Formulated EOP cells from
VR1 and VR2 were placed at 4°C and the viability was tested at 24hr, 48hr, 72hr and 96hr.
EOP cells from both VR1 and VR2 were >80% viable after 48hrs at 4°C (data not shown). The
viability at 72 hrs was 74% and 79% and 70% and 78% at 96 hrs in VR1 and VR2 respectively.
Our specification for T cell infusion requires a minimum of 80% viability. We have therefore
set our expiration date for 1928z transduced T cells at 48hrs post-final formulation.

Discussion
Several recent studies describe the promising use of autologous adoptive T cell therapies for
cancer immunotherapy.5-10 Here, we demonstrate that T cells genetically modified to express
a CAR targeted to CD19 can be effectively expanded using Dynabeads® CD3/CD28. The semi-
closed system that we developed for the activation, transduction, expansion and formulation
of 1928z+ T cells for phase I clinical trials in patients with CLL and ALL using Dynabeads®

CD3/CD28 and the Wave bioreactor is not only efficient, but rapid, cost effective and
convenient to use. We were able to generate sufficient number of 1928z+ T cells to achieve
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the cell dose of 3 × 107 1928z+ CD3+ T cells in a one liter culture volume as required in the
phase I clinical trial that we initiated in patients with purine analog-refractory CLL
(http://clinicaltrials.gov/ct2/show/NCT00466531).

We performed four successful validation runs in which we demonstrated that T cells expressing
the 1928z CAR could be expanded with Dynabeads® CD3/CD28 and retained their cytotoxic
activity both in vitro and in vivo in SCID beige mice bearing pre-established systemic Burkitt
lymphoma (Raji tumor). We observed greater than 37% lysis activity at 25:1 effector to target
ratio demonstrating the in vitro cytotoxic activity of the expanded 1928z+ T cells in all patients.
The cytotoxic activity was also demonstrated to be dependent on the presence of the 1928z
CAR, as no significant killing was observed with non-genetically modified T cells. In vivo, the
biological activity of the 1928z+ T cells expanded in this manner was comparable to that of
1928z+ T cells activated with artificial antigen presenting cells11, 27 (and manuscript in
preparation).

This process allowed us to manufacture 0.8 to 2.5 ×1010 T cells in 13 to 17 days at 98 to 100%
CD3+ T cell purity. These results are well in line with the results obtained by Hami et al. 18
and Tran et al. 29 and indicate that the stimulation of the T cells through CD3 and CD28 does
not interfere with the function of the 1928z CAR. The selection of the CD3+CD28+ T cells
with the Dynabeads in conjunction with the expression of the 1928z CAR resulted in the
decrease of the B-CLL tumors in the EOP 1928z+ T cells by approximately 3 logs.

T cell expansion (range 87- 668 fold), transduction efficiencies (range 14.6%- 43%) and
CD4:CD8 ratios (range 12:1- 1.7:1) varied widely between patients, possibly due to variations
in patient age, prior chemotherapy regimens and stage of disease. We also observed similar
variations in transduction efficiencies during our pre-clinical investigations.30 CD4:CD8
ratios evolved during the course of Dynabeads® CD3/CD28 activation and subsequent
expansion in the WAVE bioreactor. An increase in the CD4 content of cultures was observed
in three out of four validations runs without any bias in the transduction efficiency in either
subset. The increase in CD4 content did not affect the cytotoxicity of the cells in vitro nor in
vivo in SCID beige mice bearing pre-established Raji tumors (manuscript in preparation).
Indeed, these data are consistent with a recently published study demonstrating that autologous
CD4+ T cell clones with specificity for the melanoma-associated antigen NY-ESO-1 could
mediate a durable clinical remission in a patient with melanoma and led to endogenous
responses against melanoma antigens other than NY-ESO-1.8

Alterations in the Vβ TCR repertoire, specifically decreased diversity, has been observed in
the peripheral blood T cells derived from patients with CLL36. It has been previously
demonstrated that the diversity of the Vβ TCR repertoire can be restored from a skewed
repertoire to a normal repertoire following expansion of the T cells with Xcyte
Dynabeads17. Our study demonstrates similar findings when comparing the Vβ TCR repertoire
from the T cells present in the apheresis product derived from two patients with CLL to the
Vβ TCR repertoire in the EOP 1928z transduced T cells. Following expansion, repertoire
skewing was reduced and a Gaussian distribution of peaks representing a more diverse
repertoire was observed.

The immunophenotype of the expanded 1928z+ EOP T cells at the end of the runs correlates
best with that of effector T cells still expressing significant levels of CD28 and CD27.
Importantly, these effector T cells were derived not only from T cells with an effector
phenotype but also from T cells in the apheresis product that display a memory phenotype.
37-39

We also demonstrated that the 1928z+ T cells from all four validation runs passed all release
criteria and biosafety testing. During these studies, we were able to demonstrate that the
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ClinExVivo MPC magnet consisting of a large primary magnet combined to a smaller
secondary magnet reproducibly and efficiently allowed the removal of the beads from the EOP
1928z+ T cells. In all four validation runs, the EOP 1928z+ T cells and cell supernatant were
consistently free of fungal, bacterial and mycoplasma contamination and the levels of
endotoxin were below 5 EU per kg in in-process samples as well. This aspect of the validations
is crucial for the safety of the patients in the phase I clinical trials as the EOP 1928z+ T cells
will be infused fresh, pending 14 days USP sterility and PTC Mycoplasma test results.
Therefore, final products will be released on the basis of negative Gram stains, negative rapid
mycoplasma testing and levels of endotoxin meeting specifications. Additionally, we
demonstrated that the in-process testing for RCR using a PCR assay that detects the GaLV env
was also negative in all the runs. This is critical for the safety of the patients as well as the
results of the marker-rescue cell culture assay will also be pending at the time of the patient
infusion.

We consistently observed that as the T cell concentrations increased, the levels of lactate
decreased while the levels of glucose increased. The monitoring of these parameters is
important as we are using a continuous perfusion culture. These factors together with cell
counts provided information regarding the metabolism of the cells in culture. These data
suggest that the perfusion regime provides sufficient levels of nutrients and gas exchange to
maintain cell expansion despite high cell concentrations (≥ 31 ×106/ml) at the late stages of
the cultures.

In summary, we have designed a large scale semi-closed manufacturing process based on the
expansion of T cells using Dynabeads® CD3/CD28 and the Wave bioreactor capable of
producing clinical doses of genetically engineered T cells in a minimum period of time. This
validated process will be used in our upcoming phase I clinical trials in patients with chemo-
refractory CLL and relapsed ALL. It can easily be adapted for other clinical trials involving
the expansion and transduction of patient or donor T cells using any CAR or TCR.
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FIGURE 1.
Scheme of the manufacturing process. The semi-closed system relies on the use of the
Cytomate™ to wash the apheresis product prior to freezing and after thawing, the capture of
CD3+CD28+ T cells with Dynabeads® and subsequent selection on the ClinExVivo magnetic
particle concentrator (MPC), expansion in the Wave™ bioreactor, debeading on the
ClinExVivo MPC and formulation using the Cytomate™.
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FIGURE 2.
T cell expansion, T cell concentration, glucose and lactate levels in the Wave Bioreactor during
the course of VR1, VR2, VR3 and VR4. A, Total cumulative fold expansion of patient T cells.
Data is shown from initial activation until completion of the expansion runs. B, Viable cell
concentrations of patient T cells during activation and within the WAVE bioreactor. C, Glucose
and D, Lactate levels were measured daily during the course of the validation runs.
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FIGURE 3.
In vitro and in vivo cytotoxic activity of the 1928z+ T cells. A, In vitro chromium release assays
performed on 1928z+ EOP T cells derived from VR1, VR2, VR3 and VR4. Both autologous
patient tumor B-CLL cells and Raji lymphoma cell line were used as target cells. B, Survival
of mice bearing established disseminated Raji tumors after infusion of EOP 1928z+ T cells.
Six days after intravenous injection of 5 × 105 Raji tumor cells, mice received 107 fresh 1928z
CD3+ transduced T cells from VR4 run. Untransduced T cells from the same donor grown in
parallel served as control. Note: we previously demonstrated that untransduced T cells and T
cells transduced with an irrelevant CAR are equally unable to eradicate Raji tumors in vivo
(data not shown).
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FIGURE 4.
Spectratyping analysis in T cells from the apheresis product and in the EOP 1928z T cells from
VR1 and VR2. Representative spectratype analysis of Vβ1, Vβ3, Vβ9 and Vβ17 shows a
skewed TCR repertoire in the T cells from the apheresis product and restored TCR repertoire
in the EOP 1928z T cells after expansion with Dynabeads® (final product).
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TABLE 1
Biosafety testing performed on PG13-1928z cl.3 Master Cell Bank (MCB) and PG13-1928z cl.3 Vector Stocks

1928z cl. 3
MCB

1928z cl.3
Vector
Stocks

Test Method Specification Result Result

Identity Southern Blot Band of
predicted size

As expected N/A

Vector Titration Transduction of healthy donor T
cells

For information 6×105 TU/ml 9×105 TU/ml

Species Determination Isozyme analysis Murine Murine N/A

Final Product Sterility 21CFR610.12 Direct Inoculation Sterile Sterile N/A

Final Product Sterility 21CFR610.12 Membrane Filtration Sterile N/A Sterile

Bulk Sterility 21CFR610.12 Membrane Filtration Sterile N/A Sterile

Mycoplasma (EOP cells &
supernatant)

Cell lines PTC Negative Negative N/A

Mycoplasma (EOP cells) Cell lines PTC Negative N/A Negative

Mycoplasma (EOP supernatant) Cell lines PTC Negative N/A Negative

In vitro Adventitious Virus Cell Culture Assay ND ND N/A

In vivo Adventitious Virus Live Animal Assay ND ND N/A

Ecotropic Retrovirus Testing (EOP
cells)

Marker-Rescue Cell Culture Assay ND ND N/A

GalV RCR Testing (EOP cells) Marker-Rescue Cell Culture Assay ND ND ND

GalV RCR Testing (supernatant) Marker-Rescue Cell Culture Assay ND ND ND

Transmission Electron Microscopy Thin Section EM Type-C
Retrovirus

Particles only

Type-C
Retrovirus
Particles

only

Type-C
Retrovirus
Particles

only

General Safety USP 21CFR610.11 Pass N/A Pass

MAP Testing with LCMV
Challenge

Cell lines PTC Negative Negative N/A

EM: Electron Microscopy; GaLV: Gibbon Ape Leukemia Virus; EOP, end of production; MAP: Mouse Antibody Production;

N/A: Not applicable; ND, none detected; LAL: Limulus Amoebocyte Lysate; PCR: Polymerase Chain Reaction;

PTC, Points to consider; RCR, Replication Competent Retrovirus; USP: United States Pharmacopeia;

RCR: Replication Competent Retrovirus; CFR: Code of Federal Regulations
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TABLE 4
Immunophenotyping of the EOP 1928z transduced T cells

Marker VR1 VR2 VR3 VR4

CD27 37.3 24.4 23 44

CD28 98.6 90.2 87.6 85.7

CD62L 2.1 7.3 0.9 5.2

CCR7 0.8 0.2 0.8 1.0

CD127 56.6 6.3 1.2 0.2

CD45RA 5.9 5.2 8.5 36.7

Results are shown as percentages of 7AAD- 1928z+ events.
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