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Abstract
T cells can be engineered to express the genes of chimeric antigen receptors (CARs) that recognize
tumor-associated antigens. We constructed and compared two CARs that contained a single chain
variable region moiety (scFv) that recognized CD19. One CAR contained the signaling moiety of
the 4-1BB molecule and the other did not. We selected the CAR that did not contain the 4-1BB
moiety for further pre-clinical development. We demonstrated that gammaretroviruses encoding this
receptor could transduce human T cells. Anti-CD19-CAR-transduced CD8+ and CD4+ T cells
produced interferon-γ and interleukin-2 specifically in response to CD19+ target cells. The transduced
T cells specifically killed primary chronic lymphocytic leukemia (CLL) cells. We transduced T cells
from CLL patients that had been previously treated with chemotherapy. We induced these T cells to
proliferate sufficiently to provide enough cells for clinical adoptive T cell transfer with a protocol
consisting of an initial stimulation with an anti-CD3 monoclonal antibody (OKT3) prior to
transduction followed by a second OKT3 stimulation seven days after transduction. This protocol
was successfully adapted for use in CLL patients with high peripheral blood leukemia cell counts by
depleting CD19+ cells prior to the initial OKT3 stimulation. In preparation for a clinical trial that
will enroll patients with advanced B cell malignancies, we generated a producer cell clone that
produces retroviruses encoding the anti-CD19 CAR, and we produced sufficient retroviral
supernatant for the proposed clinical trial under good manufacturing practice (GMP) conditions.
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Introduction
Approximately twenty-two thousand people die of B cell malignancies each year in the United
States 1. Patients with some B cell malignancies including mantle cell lymphoma and chronic
lympocytic leukemia (CLL) cannot be cured by therapies such as conventional chemotherapy
and monoclonal antibodies 2,3, but some patients with these diseases can achieve prolonged
disease-free survival after allogeneic stem cell transplantation 4-6. Unfortunately, allogeneic
stem cell transplantation is limited by significant transplant-related mortality and a shortage
of suitable donors 2,6,7. In patients with B cell malignancies that relapse after allogeneic stem
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cell transplantation, infusion of allogeneic donor lymphocytes can induce remissions 8-10. The
effectiveness of these lymphocyte infusions provides a rationale for attempts to develop other
cellular immunotherapies for B cell malignancies.

Adoptive transfer of autologous T cells that are cultured from tumor infiltrating lympohocytes
can cause regressions of advanced melanoma in humans 11,12. Because tumor-reactive T cells
cannot be reliably cultured from most human tumors, methods have been developed to engineer
T cells to express genes encoding tumor-antigen-specific T cell receptors 13,14. Adoptive
transfer of these genetically-modified T cells is a promising approach to cancer immunotherapy
15. Another approach to adoptive T cell therapy is to engineer T cells to express chimeric
antigen receptors (CARs) 16,17. CARs are made up of an antigen-recognizing receptor coupled
to signaling molecules that can activate T cells expressing the CAR 18-20. The antigen-receptors
most commonly incorporated into CARs are single chain variable region moieties (scFv) that
consist of the light chain and heavy chain variable regions of a monoclonal antibody joined by
a peptide linker. Murine models have shown that T cells transduced with retroviruses encoding
CARs can protect mice from tumor challenges in vivo 21,22.

Our group has completed a phase I clinical trial in which patients with ovarian carcinoma were
treated with T cells that were transduced with a CAR that was specific for the ovarian-
carcinoma-associated-antigen α-folate receptor 23. No objective tumor regressions were seen
23. The CAR used in this clinical trial incorporated the Fc receptor-γ cytoplasmic signaling
chain without any costimulatory molecules such as CD28 or 4-1BB. More recent work in mice
has demonstrated that CARs containing the TCR-ζ cytoplasmic signaling chain had superior
in vitro function and in vivo anti-tumor efficacy than CARs containing the Fc receptor-γ
cytoplasmic signaling chain 24. In addition, in vitro studies with human cells and murine in
vivo studies have shown that incorporating the signaling domain of CD28 into CARs enhances
function and in vivo anti-tumor efficacy 22,25-27. Signaling of the 4-1BB costimulatory
molecule has been shown to enhance T cell proliferation and persistence 28,29, and 4-1BB
signaling enhanced the function of CARs in vitro 30,31. Thus, significant advances in CAR
design have occurred since our last clinical trial using CAR-transduced T cells.

CD19 is a promising target for antigen-specific T cell therapies because CD19 is expressed on
most malignant B cells 32,33, and the only normal cells that express CD19 are B cells and
perhaps follicular dendritic cells 33,34. Importantly, CD19 is not expressed on pluripotent
hematopoietic stem cells 35. While destruction of normal B cells is a drawback to targeting
CD19, destruction of normal B cells is well tolerated. In most patients that receive the widely-
used anti-CD20 monoclonal antibody rituximab, the number of normal peripheral blood B cells
is severely depressed for several months 36, yet patients that receive chemotherapy plus
rituximab do not have an increased rate of infections when compared to patients that receive
chemotherapy alone 37. Finally, patients can be treated with intravenous infusions of IgG if
necessary to increase IgG levels 38.

We constructed two CARs that target CD19 and selected the one with the best in vitro function
for further testing in preparation for a clinical trial. T cells that were transduced with
gammaretroviruses encoding this CAR recognized CD19-expressing cells in an antigen-
specific manner and killed primary B cell chronic lymphocytic leukemia (CLL) cells. We have
optimized methods of T cell culture and transduction to generate highly active anti-CD19-
CAR-expressing T cells from the blood of patients with CLL.
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Materials and Methods
Construction of the MSGV-FMC63-28Z and MSGV-FMC63-CD828BBZ Recombinant
Retroviral Vectors

The MSGV-FMC63-28Z recombinant retroviral vector encodes the MSGV (mouse stem cell
virus-based splice-gag vector) retroviral backbone and the FMC63-28Z CAR. The
FMC63-28Z CAR consists of an anti-CD19 scFv that was derived from the FMC63 mouse
hybridoma 39, a portion of the human CD28 molecule, and the intracellular component of the
human TCR-ζ molecule. The exact sequence of the CD28 molecule included in the
FMC63-28Z CAR corresponds to Genbank identifier NM_006139. The sequence includes all
amino acids starting with the amino acid sequence IEVMYPPY and continuing all the way to
the carboxy-terminus of the protein. To encode the anti-CD19 scFv component of the vector,
we designed a DNA sequence which was based on a portion of a previously published CAR
40. This sequence encodes the following components in frame from the 5′ end to the 3′ end: an
XhoI site, the human granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor
α-chain signal sequence, the FMC63 light chain variable region 39, a linker peptide 40, the
FMC63 heavy chain variable region 39, and a NotI site. This sequence was synthesized by
GeneArt AG (Regensburg, Germany), and a plasmid encoding this sequence was digested with
XhoI and NotI (New England Biolabs). To form the MSGV-FMC63-28Z retroviral vector, the
XhoI and NotI-digested fragment encoding the FMC63 scFv was ligated into a second XhoI
and NotI-digested fragment that encoded the MSGV retroviral backbone 14 as well as part of
the extracellular portion of human CD28, the entire transmembrane and cytoplasmic portion
of human CD28, and the cytoplasmic portion of the human TCR-ζ molecule 41.

We also designed a second recombinant retroviral vector called MSGV-FMC63-CD828BBZ
that consists of the following components in order from 5′ to 3′: the MSGV retroviral backbone,
the FMC63 scFv, the hinge and transmembrane regions of the CD8 molecule, the cytoplasmic
portions of CD28 and 4-1BB, and the cytoplasmic component of the TCR-ζ molecule. MSGV-
FMC63-CD828BBZ was constructed using a multistep strategy. A fragment encoding the
CD8, CD28, 4-1BB, and TCR-ζ components was generated using an overlapping PCR method
42 using the following primers:

NotI-CD8F: 5′-acgGCGGCCGCAttcgtgccggtcttcctgc-3′;

28cyto-CD8R: 5′- gcctgctcctcttactcctgttcctgtggttgcagtaaag-3′;

CD8-28cytoF: 5′- ctttactgcaaccacaggaacaggagtaagaggagcaggc-3′;

BamHI-zetaR: 5′- ttat GGATCC ttagcgagggggcagggcc-3′.

The NotI-CD8F and 28cyto-CD8R oligonucleotide primers were used to generate a PCR
product that encoded the hinge and transmembrane region of CD8 by using human CD8α
cDNA as a template. An overlapping fragment encoding the cytoplasmic portions of CD28,
4-1BB and TCR-ζ components in the order of CD28-4-1BB-CD3ζ was generated using forward
primer CD8-28cytoF and the BamHI-zetaR reverse primer. The two PCR products were
combined and the full-length construct generated using the NotI-CD8F and the BamHI-zetaR
primers. DNA encoding this full-length construct and DNA encoding the FMC63 scFv were
ligated into the MSGV retroviral backbone to form the MSGV-FMC63-CD828BBZ retroviral
vector.

A plasmid encoding the SP6 scFv 43 was kindly provided by Z. Eshhar. This scFv was cloned
into the MSGV retroviral vector along with a portion of the CD28 gene and the gene for
cytoplasmic portion of the CD3ζ molecule to form the MSGV-SP6-28Z plasmid. This plasmid
encoded a receptor that is referred to as SP6-28Z in this paper. The SP6-28Z receptor recognizes
the hapten 2, 4, 6-trinitrobenzenesulfonic acid and served as a negative control.
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Culture Media
T cells were always cultured in T cell medium which consisted of AIM V medium plus 5%
AB serum (Gemini Bioproducts, Woodland, CA), 100 U/mL penicillin, 100 μg/mL
streptomycin, and 1.25 μg/mL amphotericin B. R10 medium consisted of Roswell Park
Memorial Institute (RPMI)1640 plus 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100
μg/mL streptomycin and 2 mM L-glutamine. D10 medium consisted of Dubecco's Modified
Eagle Medium, 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, nonessential amino
acids, and 2 mM L-glutamine. SupB15 medium consisted of Iscove's Modified Dulbecco's
Medium plus 20% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine,
and 0.055 mM 2-mercaptoethanol. Cytotoxicity medium was phenol red-free RPMI plus 5%
AB serum (Gemini Bioproducts), 100 U/mL penicillin, and 100 μg/mL streptomycin. All cell
culture media ingredients except the AB serum were from Invitrogen (Carlsbad, CA).
Recombinant human IL-2 was obtained from Chiron (Emeryville, CA).

Transient Retrovirus Production
To transiently produce retroviruses, 293GP packaging cells 44 were transfected with either the
MSGV-FMC63-28Z plasmid, the MSGV-FMC63-CD828BBZ plasmid, or the MSGV-
SP6-28Z plasmid along with a plasmid encoding the RD114 envelope protein 45 using
Lipofectamine 2000 (Invitrogen). The transfected cells were incubated at 37°C for 6-8 hours
in D10 medium without antibiotics. The medium used for transfection was then replaced with
fresh D10 medium and the cells were incubated for another 36-48 hours. During and after
transfection, the 293GP cells were cultured on poly-D-lysine coated dishes (BD Biosciences,
San Jose, CA). Supernatant containing retroviruses was removed from the dishes and
centrifuged to remove cellular debris. The supernatant was snap frozen on dry ice and stored
at -80C°. Transiently produced retroviruses were used in the experiments described in Figures
1 and 2 and in Table 1. In addition, all retroviruses encoding the SP6-28Z CAR were produced
transiently.

Generation of the MSGV-FMC63-28Z PG13 Producer Cell Clone, H3
PG13 packaging cell clones were generated using the PG13 gibbon ape leukemia virus
packaging cell line (ATCC, Manassass, VA), and the human ecotropic packaging cell line,
Phoenix ECO (kindly provided by Gary Nolan, Stanford University, Stanford, CA). All cells
were cultured in D10 medium without antibiotics. Cells were maintained at 37°C and 5%
CO2.

A PG13 retroviral producer cell clone was generated as described previously 14 with the
following changes. Phoenix ECO cells were transfected with 9 μg of plasmid DNA (MSGV-
FMC63-28) using the Lipofectamine 2000 transfection reagent (Invitrogen). After 48h,
supernatant was harvested and used to transduce retroviral packaging cell line, PG13. Non-
tissue culture treated 6-well plates were coated with 20 μg/ml recombinant fibronectin fragment
(RetroNectin™) as described by the manufacturer (Takara USA, Madison, WI). Retroviral
vector supernatant (4ml) was added to each well followed by centrifugation (2000 × g) at 32°
C for 3 hours. After centrifugation, supernatant was removed and 5 × 105 PG13 cells were
added to each well, and the plates were centrifuged (1000 × g) for 10 min at 32°C. The
transduction was repeated the next day, and then PG13 producer cell clones were generated
by limiting dilution cloning. Due to lack of a selectable marker, high titer clones were identified
by RNA dot blot as described previously 14,46. Retroviral supernatant from the 6 highest titer
clones was generated. Briefly, 175 cm2 tissue culture flasks (Nunc, Cole-Parmer, Vernon Hills,
IL) were seeded at 4 × 104 cells/cm2. A medium exchange (30ml) was performed on day 3.
Supernatant was harvested 24h later and aliquoted. The supernatant was stored at -80°C until
further use. Supernatant from each clone was evaluated by transducing T cells as described
below under “Retroviral Transductions” and measuring CAR expression on the surface of
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transduced T cells as described below under “CAR Detection on Transduced T cells”. The
ability of the transduced T cells to produce interferonγ (IFNγ) in a CD19-specific manner was
measured in an enzyme-linked immunosorbent (ELISA) assay. One clone, which was
designated H3, was selected for production of a master cell bank and subsequent production
of retroviral supernatant under Good Manufacturing Practice (GMP) conditions.

MSGV-FMC63-28Z Retrovirus Production Using PG13 Producer Cell Clone H3 under Good
Manufacturing Practice (GMP) conditions

A total of 26 1700 cm2 expanded surface roller bottles were seeded on day 0 at a cell density
of 4 × 104 clone H3 cells/cm2 in 200 mL of D10 medium. On day 3, the medium was exchanged
and replaced with 120 mL D10 medium. Medium containing the retroviral vector was harvested
daily with bottles being refed with 120 mL of medium. Glucose levels were monitored daily
using Roche's Accu-check system (Roche, Basal, Switzerland). If glucose levels dropped
below 2 g/l, the volume of the medium exchange was doubled to 240ml/roller bottle for all
subsequent harvests. All harvests were aliquoted and stored at -80°C until further use. All
clinical products were subjected to an extensive biosafety testing program in accordance with
current regulatory guidelines 47-50.

Patient Samples and Cell Lines
Non-leukemic PBMC samples were obtained from melanoma patients that were enrolled on
institutional review board-approved protocols in the Surgery Branch of the National Cancer
Institute (NCI). Leukemic PBMC were obtained from patients with chronic lymphocytic
leukemia (CLL) that were enrolled on NCI protocol number 1997-C-0178. PBMC were
cryopreserved in 90% FBS plus 10% DMSO (Sigma, St. Louis, MO). The following CD19-
expressing immortalized cell lines were used: bv173 (chronic myeloid leukemia in lymphoid
blast crisis, a kind gift of Dr. A. Wiestner National Heart Lung and Blood Institute, Bethesda,
MD), NALM-6 (acute lymphoid leukemia from DSMZ, Braunschweig, Germany), SupB15
(acute lymphoid leukemia from ATCC, Manassass, VA), Toledo (B cell diffuse large cell
lymphoma from ATCC). The following CD19-negative cell lines were used: A549 (lung
carcinoma, from ATCC), CCRF-CEM (T cell leukemia from ATCC), K562 (chronic myeloid
leukemia from ATCC), MDA231 (breast carcinoma from ATCC), TC71 (Ewing's sarcoma, a
kind gift of Dr. M. Tsokos, National Cancer Institute, Bethesda, MD), 624 (melanoma, derived
in Surgery Branch, National Cancer Institute). All cell lines were maintained in R10 medium
except for SupB15. SupB15 was cultured in SupB15 medium. When CLL PBMC were used
as targets in assays, the cells were cultured in R10 medium for 12-18 hours prior to the assay.

T cell Culture
Peripheral blood mononuclear cells (PBMC) were thawed and washed once in T cell medium.
PBMC were suspended at a concentration of 1×106 cell per mL in T cell medium containing
50 ng/mL of the anti-CD3 monoclonal antibody OKT3 (Ortho, Bridgewater, NJ) and 300 IU/
mL of IL-2. Twenty mL of this suspension were added to 75 cm2 culture flasks (Corning,
Corning, NY). The flasks were cultured upright at 37°C and 5% CO2. This method of T cell
stimulation in which OKT3 was added directly to media is referred to as solubilized OKT3
and was used for the initial stimulation of PBMC in all experiments reported in this paper
except for the results reported in Figure 6 and patients 1-3 in Table 3.

In some experiments, leukemic PBMC samples from patients with CLL were used. These
leukemic PBMC sometimes included a large number of CD19+ leukemia cells. In these cases
(experiments shown in Figure 6 and Table 3 patients 1-3), CD19+ cells were depleted from the
PBMC using CD19 microbeads and LD columns (Miltenyi, Auburn, CA) according to the
manufacturer's instructions. When CD19+ cells were depleted, T cell culture was initiated by
adding the CD19-depleted PBMC to plates that were coated with OKT3. OKT3 was diluted
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in PBS to a concentration of 10 μg/mL. One mL of this OKT3 solution was added to each well
of a 24 well plate (Corning). The plate was incubated for 4 hours at RT and then washed once
with PBS. Next, CD19-depleted PBMC were suspended at 1×106 cells per mL in T cell medium
plus 300 IU/mL of IL-2, and 1 mL of this solution was added to each well of the OKT3-coated
plate.

Retroviral Transductions
RetroNectin™ (Takara) was dissolved at a concentration of 15 μg/mL in PBS and two mL of
this RetroNectin™ in PBS solution were added to each well of nontissue-culture-coated 6 well
plates (BD Biosciences). The plates were incubated for 2 hours at room temperature (RT).
After the incubation, the RetroNectin™ solution was aspirated and 2 mL of a blocking solution
consisting of Hanks' balanced salt solution (HBSS) plus 2% bovine serum albumin (BSA) were
added to each RetroNectin™-coated well. The plates were incubated for 30 minutes at RT.
The blocking solution was aspirated, and the wells were rinsed with a solution of HBSS+2.5%
HEPES. Retroviral supernatant was rapidly thawed and diluted 1:1 in T cell media. When
transiently produced retroviral supernatant was used, two mL of the diluted supernatant were
then added to each RetroNectin™-coated well. When supernatant from the H3 producer cell
clone was used, 4 mL of 1:1 diluted supernatant were added to each well. After addition of the
supernatants, the plates were centrifuged at 2000×g for 2 hours at 32°C. The supernatant was
then aspirated from the wells, and 2×106 T cells that had been cultured with OKT3 and IL-2
for 2 days were added to each well. When the T cells were added to the retrovirus-coated plates,
they were suspended at a concentration of 0.5×106 cells per mL in T cell medium plus 300 IU/
mL of IL-2. After the T cells were added to each well, the plates were centrifuged for 10 minutes
at 1000×g. The plates were incubated at 37°C overnight.

The transduction was repeated the next day. New 6 well nontissue culture-coated plates (BD
Biosciences) were coated with RetroNectin™ and blocked in the same manner as in the first
transduction. Retroviral supernatant was added to each well and the plates were centrifuged
identically as in the first transduction. The T cells from the first transduction were then
transferred onto the new retrovirus-coated plates and the plates were centrifuged at 1000×g for
10 minutes. After a twenty-hour incubation, the T cells were removed from the plates and
suspended in fresh T cell medium with 300 IU/mL of IL-2 at a concentration of 0.5×106 cells
per mL and cultured at 37° and 5% CO2.

Rapid Expansion Protocol (REP)
In order to generate a large number of transduced T cells, the cells were induced to proliferate
using a rapid expansion protocol (REP) 11,51. Prior to being used in REPs, T cells had been
started in culture with OKT3 and IL-2 and transduced on the second and third days after the
initiation of culture as detailed above. Ten days after the start of the cultures, 0.5×106

transduced T cells were combined with 100 ×106 allogeneic, irradiated (5000 rad) PBMC, and
these cells were suspended in 35 mL of T cell medium with 30 ng/mL of OKT3 and 300 IU/
mL of IL-2. The cells were cultured in a 75 cm2 flask at 37°C and 5% CO2. Five days later,
cells were counted and suspended at a concentration of 0.5×106 cells/mL in fresh T cell medium
with 300 IU/mL of IL-2. The cells were counted and suspended at a concentration of
0.5×106 cells/mL in fresh T cell medium with 300 IU/mL of IL-2 every two days for the
remainder of the time they were kept in culture.

Preparation of CD19-K562 Cells Expressing CD19 and NGFR-K562 Cells Expressing Low-
affinity Nerve Growth Factor Receptor

The cDNA for full-length CD19 was purchased from Invitrogen and cloned into the MSGV
retroviral backbone. Retrovirus-containing supernatant was prepared as described above under
transient retrovirus production. K562 cells were transduced with this supernatant and then
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CD19-expressing cells were sorted by flow cytometry to obtain a population of K562 cells that
uniformly expressed high levels of CD19.

Similarly, the gene for the low-affinity nerve growth factor receptor (NGFR) was cloned into
MSGV, and retrovirus-containing supernatant was produced. K562 cells were transduced with
this supernatant and NGFR-expressing cells were sorted by flow cytometry to obtain a uniform
population of K562 cells that expressed high levels of NGFR. CD19-K562 and NGFR-K562
were maintained in R10 medium. The NGFR-K562 cells were used as negative control cells.
The NGFR-K562 cells were identical to the CD19-K562 cells except that NGFR-K562 cells
expressed NGFR and CD19-K562 cells expressed CD19. Using these two cell lines, we could
rigorously demonstrate specific recognition of CD19 by CAR-transduced T cells.

CAR Detection on Transduced T Cells
Cells were washed and suspended in FACs buffer (Phosphate-buffered saline (PBS) plus 0.1%
sodium azide and 0.4% BSA). Fc receptors were blocked with normal goat IgG (Invitrogen).
For each T cell culture to be analyzed, two tubes of cells were prepared. Biotin-labeled
polyclonal goat anti-mouse-F(ab)2 antibodies (anti-Fab, Jackson Immunoresearch, West
Grove, PA) were added to one tube to detect the FMC63 scFv, and biotin-labeled normal
polyclonal goat IgG antibodies (Jackson Immunoresearch) were added to the other tube to
serve as an isotype control. The cells were incubated at 4°C for 25 minutes and washed once.
The cells were suspended in FACs buffer and blocked with normal mouse IgG (Invitrogen).
The cells were then stained with phycoerythrin (PE)-labeled streptavidin (BD Pharmingen,
San Diego, CA) and allophycocyanin (APC)-labeled CD3 (eBiocience, San Diego, CA). Flow
cytometry acquisition was performed with a BD FacsCanto II (BD Biosciences), and analysis
was performed with FlowJo (Treestar, Inc. Ashland, OR).

Interferon-γ Enzyme-linked Immunosorbent Assay (ELISA)
Target cells were washed and suspended at 1 ×106 cells per mL in T cell media without IL-2.
One-hundred-thousand target cells of each target cell type were added to each of two wells of
a 96 well round bottom plate (Corning). Effector T cell cultures were washed and suspended
at 1 ×106 cells per mL in T cell media without IL-2. One-hundred-thousand effector T cells
were combined with target cells in the indicated wells of the 96 well plate. In addition, wells
containing T cells alone were prepared. The plates were incubated at 37°C for 18-20 hours.
Following the incubation, an IFNγ ELISA assay was performed using standard methods
(Pierce, Rockford, IL).

Intracellular Cytokine Staining Assay (ICCS)
CD19-K562 and NGFR-K562 cells were used as targets in the ICCS assay. For each T cell
culture that was tested, two tubes were prepared. One tube contained 0.5 ×106 CD19-K562
cells and the other tube contained 0.5 ×106 NGFR-K562 cells. Both tubes contained 0.5
×106 T cells, 1 ml of T cell medium without IL-2, and 1 μL of Golgi Plug (BD Pharmingen).
All tubes were incubated at 37°C for 5 hours and then transferred to 4C° for overnight storage.
The next morning, the cells were washed and surface stained with the following antibodies:
CD3 (eBioscience, clone UCHT1), CD4 (eBioscience, clone OKT4), and CD8 (eBioscience,
clone RPA-T8). The cells were permeabilized and intracellular staining was conducted for
IFNγ (BD Pharmingen, clone B27) and IL-2 (BD Pharmingen, clone MQ1-17H12) according
to the instructions of the Cytofix/Cytoperm kit (BD Pharmingen). Flow cytometry acquisition
was performed with a BD FacsCanto II (BD Biosciences), and analysis was performed with
FlowJo (Treestar).
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Cytotoxicity Assay
We used a slightly modified version of a flow cytometry cytotoxicity assay 52. In this assay,
the cytotoxicity of target cells is measured by comparing survival of target cells relative to the
survival of negative control cells. The negative control cells and the target cells are combined
in the same tube with effector T cells. In our experiments, the target cells were unmanipulated
PBMC from patients with CLL that were made up of greater than 55% B cells, and the negative
control cells were CCRF-CEM cells.

CCRF-CEM cells were suspended in R10 medium at a concentration of 1.5×106 cells/mL, and
the fluorescent dye 5-(and-6)-(((4-chloromethyl)benzoyl)amino) tetramethylrhodamine
(CMTMR) (Invitrogen) was added at a concentration of 5 μM. The cells were mixed and then
incubated at 37°C for 30 minutes. The cells were then washed and suspended in cytotoxicity
medium. Next, the CCRF-CEM cells were incubated at 37°C for 60 minutes. The cells were
then washed twice and suspended in cytotoxicity medium.

CLL PBMC were suspended in PBS+0.1% BSA at 1×106 cells/mL. The fluorescent dye
carboxyfluorescein diacetate succinimidyl ester (CFSE) (Invitrogen) was added to this cell
suspension at a concentration of 1 μM. The cells were incubated 10 minutes at 37°C. After the
incubation, the labeling reaction was stopped by adding a volume of FBS that was equal to the
volume of cell suspension and the cells were incubated for 2 minutes at RT. The cells were
washed and suspended in cytotoxcity medium.

Effector T cells were washed and suspended at 5×106 cells/mL in cytotoxicity medium. In all
experiments, the cytotoxicity of effector T cells that were transduced with the anti-CD19 CAR
FMC63-28Z was compared to the cytotoxicity of negative control effector T cells from the
same patient that were transduced with the SP6-28Z control CAR or were not transduced. For
FMC63-28Z-transduced effector T cells and negative control effector T cells, cultures were
set up in sterile 5 mL test tubes (BD Biosciences) in duplicate at the following T cell:target
cell ratios: 10:1, 3:1, and 1:1. The target cells were always 50,000 PBMC from a CLL patient.
Each culture also contained 50,000 CCRL-CEM negative control cells. In addition, tubes were
set up that contained only CLL target cells plus CCRL-CEM negative control cells. The cultures
were incubated for 4 hours at 37°C. Immediately after the incubation, 7AAD (7-amino-
actinomycin D) (BD Pharmingen) was added as recommended by the manufacturer, and flow
cytometry acquisition was performed with a BD FacsCanto II (BD Biosciences). Analysis was
performed with FlowJo (Treestar, Inc. Ashland, OR). Analysis was gated on 7AAD-negative
(live) cells, and the percentages of live CLL target cells and live CCRF-CEM negative control
cells were determined for each T cell+target cell culture. For each T cell+target cell culture,
the percent survival of CLL PBMC was determined by dividing the percent live CLL PBMC
by the percent live CCRF-CEM negative control cells. The corrected percent survival of CLL
PBMC was calculated by dividing the percent survival of CLL PBMC in each T cell+target
cell culture by the ratio of the percent CLL target cells:percent CCRF-CEM negative control
cells in tubes containing only CLL target cells and CCRF-CEM negative control cells without
any effector T cells. This correction was necessary to account for variation in the starting cell
numbers and for spontaneous target cell death. Cytotoxicity was calculated as the percent
cytotoxicity of CLL PBMC=100-corrected percent survival of CLL PBMC. For all
effector:target ratios, the cytotoxicity was determined in duplicate and the results were
averaged.

Results
We compared two CARs, FMC63-28Z and FMC63-CD828BBZ that contained a mouse-anti-
human-CD19 scFv derived from the FMC63 hybridoma 39. The MSGV-FMC63-28Z retroviral
vector encoded the FMC63 scFv, a portion of the CD28 costimulatory molecule, the
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cytoplasmic component of the TCR-ζ molecule, and the MSGV retroviral backbone (Figure
1A). The MSGV-FMC63-CD828BBZ retroviral vector consisted of the FMC63 scFv, the
hinge and transmembrane regions of the CD8 molecule, the cytoplasmic domain of the CD28
costimulatory molecule, the cytoplasmic domain of the 4-1BB molecule, the cytoplasmic
portion of the TCR-ζ molecule, and the MSGV retroviral backbone (Figure 1B). The
combinations of signaling elements in these two CARs were the two most effective
combinations of signaling elements that we tested in our ongoing work with CARs
incorporating scFvs other than FMC63 (data not shown).

MSGV-FMC63-28Z and MSGV-FMC63-CD828Z were used to transduce peripheral blood
mononuclear cells (PBMC) that were stimulated with the anti-CD3 monoclonal antibody
OKT3 and IL-2. To measure gene transfer efficiency, the cells were stained with polyclonal
goat-anti-mouse-Fab antibodies that bind to the FMC63 scFv. The percentage of T cells that
expressed detectable levels of the scFv was higher for cells that were transduced with
FMC63-28Z compared to cells that were transduced with FMC63-CD828BBZ (Figure 1C and
1D). As a control, nontransduced cells were also stained with the polyclonal goat-anti-mouse-
Fab antibodies (Figure 1E). The anti-mouse-Fab antibodies did not bind to nontransduced cells.

T cells that were transduced with retroviruses encoding either FMC63-28Z or FMC63-
CD828BBZ produced IFNγ specifically after stimulation with CD19-expressing target cells
including primary chronic lymphocytic leukemia (CLL) cells (Table 1). FMC63-28Z-
transduced T cells produced greater amounts of IFNγ than FMC63-CD828BBZ-transduced T
cells in response to CD19-expressing target cells.

The percentages of FMC63-28Z and FMC63-CD828BBZ-transduced T cells that produced
IFNγ and IL-2 after a five hour culture with K562 cells expressing CD19 (CD19-K562) or the
low affinity nerve growth factor receptor (NGFR-K562) was determined by intracellular
cytokine staining. The percentage of T cells transduced with either of the two CARs that
produced IFNγ when cultured with CD19-K562 cells (Figure 2A) was similar to the percentage
of T cells that expressed the FMC63 scFv as measured by staining with anti-Fab antibodies
(Figure 1C and 1D). In contrast, a higher percentage of FMC63-28Z-transduced T cells than
FMC63-CD828BBZ-transduced T cells produced IL-2 when the T cells were cultured with
CD19-K562 cells (Figure 2B). Due to the superior recognition of primary CLL cells and the
superior production of IL-2 by T cells that were transduced with FMC63-28Z, we used this
receptor in the remainder of our experiments.

We prepared a stable producer cell clone that produced retroviruses encoding the FMC63-28Z
CAR. This producer cell clone was designated H3. When we carried out transductions using
the retrovirus-containing supernatant from producer cell clone H3, 45-67% of T cells expressed
FMC63-28Z as measured by staining for the FMC63 scFv four to five days after transduction
(data not shown).

In order to obtain enough T cells for clinical adoptive T cell transfer, transduced T cells must
be induced to rapidly proliferate after transduction. Thus, transduced T cells were induced to
rapidly proliferate using a rapid expansion protocol (REP) 11,51 in which the transduced T cells
are cultured with OKT3, allogeneic feeder cells, and IL-2 (Figure 3A). Figure 3B shows that
expression of FMC63-28Z was maintained on transduced T cells after they had undergone a
706-fold increase in cell number during a REP. We utilized a CAR that is specific for the hapten
2, 4, 6-trinitrobenzenesulfonic acid as a negative control. This CAR was designated SP6-28Z
and it was encoded by the MSGV-SP6-28Z retroviral vector. Like FMC63-28Z this CAR
includes CD28 and TCR-ζ signaling components. Expression of the SP6-28Z CAR was
maintained on transduced T cells after a REP (Figure 3C). FMC63-28Z-transduced T cells but
not SP6-28Z-transduced T cells produced IFNγ specifically after stimulation with CD19-
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expressing target cells including primary CLL cells nine days after initiation of a REP (Table
2). FMC63-28Z-transduced CD4+ and CD8+ T cells produced IFNγ and IL-2 in a CD19-
specific manner fourteen days after initiation of a REP (Figure 4) and specifically killed
allogeneic primary CLL cells before initiation of a REP (Figure 5A and 5B) and twenty-one
days after initiation of a REP (Figure 5C).

Because our goal is to conduct a clinical trial in which anti-CD19-CAR-transduced T cells will
be used to treat patients with lymphoma and CLL, we carried out a series of experiments in
which PBMC from CLL patients were transduced and rapidly expanded using the approach
summarized in Figure 3A. After transduction and rapid expansion, these cells were almost all
T cells and usually expressed a high level of the FMC63-28Z CAR (Figure 6A). In addition,
the T cells could produce IFNγ in a CD19-specific manner (Figure 6B), and could kill
autologous CLL cells (Figure 6C). We transduced and rapidly expanded T cells from six
different CLL patients. The patients varied in their leukemia burden as measured by the
peripheral blood lymphocyte count. Four of the patients had received prior treatment with
fludarabine and rituximab. PBMC from three patients with peripheral blood lymphocyte counts
of at least 9800 cells/μL were depleted of CD19+ cells. This depletion eliminated a mean of
96% of the B cells from the PBMC samples (n=3, data not shown). Because CLL cells express
CD19, this depletion eliminated most of the leukemia cells from these samples. Immediately
after depletion, the CD19-depleted PBMC from these three patients were stimulated with plate-
bound OKT3. PBMC samples from three other CLL patients with peripheral blood lymphocyte
counts of 7200 cells/μL or less received their initial OKT3 stimulation with OKT3 which was
added directly to their culture media (solubilized OKT3). Cells from all of the patients were
transduced, and ten days after initial OKT3 stimulation they were induced to proliferate using
a REP. The results of these experiments are summarized in Table 3. Notably, the worst result
in both the percentage of T cells that were transduced and proliferation occurred in a sample
from a patient with a peripheral blood lymphocyte count of 7200 cells/μL that was not depleted
of CD19+ cells. Better transduction and proliferation results were obtained with CLL PBMC
that had either a low percentage of leukemia cells or a large number of leukemia cells that were
depleted of CD19+ cells prior to initiating cultures with plate-bound OKT3.

Producer cell clone H3 was the source of the retrovirus-containing supernatant used in all of
our transduction experiments except the ones reported in Figures 1 and 2 and in Table 1. In
order to conduct a clinical trial using FMC63-28Z-transduced T cells, the H3 cells were used
to generate a master cell bank and subsequently to produce retrovirus-containing supernatant
under good manufacturing practice (GMP) conditions. This supernatant was produced in six
batches. A summary of both the transduction efficiency and the ability of T cells that were
transduced using this supernatant to produce IFNγ in a CD19-specific manner is shown in
Table 4.

Discussion
CD19 is a promising target for antigen-specific immunotherapy because it is expressed on most
malignant B cells 32,33, while expression on normal tissues is limited to B cells and perhaps
follicular dendritic cells 33,34. The attractiveness of CD19 as a target has led several groups to
construct anti-CD19 chimeric receptors 30,40,53-55. The only clinical trial of an anti-CD19 CAR
that has been completed used electroporation to transfect T cells prior to adoptive transfer 56.
In this trial, T cell persistence was limited and an anti-lymphoma effect was not detected 56.

Several factors could affect the efficacy of adoptive T cell therapy with anti-CD19-CAR-
transduced T cells. The attributes of the CAR such as which signaling elements are included,
the methods used to culture and transduce the T cells, the number of T cells transferred, the
phenotype of the infused T cells, and administration of cytokines such as high-dose IL-2 after
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T cell transfer may all be important. Immunosuppression prior to adoptive T cell therapy
enhances anti-tumor activity in mice 57 and humans 11. The variable regions of CARs are
derived from murine antibodies, and thus the development of human anti-mouse antibodies
directed against the CAR-transduced T cells may limit their effectiveness 23,58. In order to
evaluate some of the many factors that could affect adoptive T cell therapy with T cells
expressing anti-CD19 chimeric receptors, we are planning a clinical trial in which patients with
B cell lymphoma or CLL will be treated with anti-CD19-CAR-transduced T cells and high-
dose IL-2. This trial will also assess the effect of immunosuppression prior to T cell transfer.

In order to determine the optimal CAR for clinical use, we compared two CARs that contained
combinations of signaling elements that we have found to be effective in CARs incorporating
scFvs other than FMC63. Both CARs included the same anti-CD19 scFv component and the
signaling moiety of the CD28 costimulatory molecule (Figure 1A). We decided to include a
CD28 moiety because of several previous reports that CARs containing a CD28 signaling
moiety had improved in vivo persistence and anti-tumor efficacy 22,25,26. We selected the
specific CD28 and TCR-ζ sequences used in the FMC63-28Z CAR because these sequences
were associated with high levels of CAR expression and antigen-specific cytokine production
when combined with several different scFv moieties in unpublished work conducted by our
group. One of the CARs that we compared, FMC63-CD828BBZ, contained the cytoplasmic
region of the 4-1BB molecule. The other CAR that we evaluated, FMC63-28Z, did not contain
a 4-1BB moiety. The 4-1BB molecule has been shown previously to enhance proliferation and
in vivo persistence of antigen-specific T cells 28,29, and it has been shown by other investigators
that inclusion of a 4-1BB moiety can enhance the in vitro function of CARs 30,31. The specific
CD828BBZ sequence contained in the FMC63-CD828BBZ CAR was used in the experiments
reported in this paper because in unpublished work by our group using CARs with scFvs other
than FMC63 this sequence improved in vitro survival and increased antigen-specific cytokine
production compared to CARs without a 4-1BB moiety. The two CARs that we evaluated also
differed in their extracellular hinge regions (Figure 1). When we compared the expression of
the scFv component of the anti-CD19 CARs on the surface of transduced T cells, we found
that there was consistently higher expression on FMC63-28Z-transduced T cells (Figure 1),
and FMC63-28Z-transduced cells produced higher levels of IL-2 (Figure 2B) even after making
allowance for the lower expression of the anti-CD19 CAR on FMC63-CD828BBZ-transduced
T cells compared to FMC63-28Z-transduced T cells (Figure 2B). The decreased IL-2
production is possibly due differences in the structure of the expressed CAR proteins due to
either the CD8 hinge region or the presence of the 4-1BB component. The decreased IL-2
production by T cells that were transduced with CARs containing a 4-1BB moiety was
unexpected because IL-2 production by T cells has been shown to be increased either
substantially 59, or modestly 60, by ligation of the natural 4-1BB molecule that is expressed on
T cells to the 4-1BB ligand molecule. Our purpose in comparing FMC63-28Z and FMC63-
CD828BBZ was to select the best of two promising CARs for use in a clinical trial, not to
formally evaluate how the addition of 4-1BB signaling affects CAR-transduced T cells.
Because the two CARs that we compared contained different extracellular hinge regions, our
experiments do not constitute an assessment of the function of 4-1BB in CARs. 4-1BB is a
molecule that might enhance CAR function in vivo and further in vivo studies are warranted
to assess the ability of 4-1BB to enhance the anti-tumor efficacy of CAR-expressing T cells.

We selected the FMC63-28Z CAR for further testing and prepared a producer cell clone that
made retroviruses encoding this receptor. T cells were transduced efficiently with these
FMC63-28Z-encoding retroviruses. The transduced T cells could produce IFNγ and IL-2 in a
CD19-specific manner, and they could kill primary CLL cells. Importantly, these T cell
functions were all exhibited when T cells were tested after the transduced T cells had been
induced to proliferate to quantities sufficient for clinical adoptive T cell transfer (Figures 3-5
and Table 2).
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When tumor tumor infiltrating T cells from melanoma patients undergo extended periods of
in vitro culture after OKT3 stimulation in the presence of high concentrations of IL-2, the T
cells generally express low levels of CD28, CD27, CD62L, CCR7, and CD127 compared to
the levels of these proteins found on the surface of normal circulating T cells ex vivo 61. The
phenotype of these T cells is generally that of an effector memory T cell 62. These effector
memory T cells can mediate objective regressions of melanoma in approximately 50% of
patients when they are infused as part of a treatment protocol that includes lymphocyte-
depleting chemotherapy before cell infusion and high-dose IL-2 after T cell infusion 12. Most
of the FMC63-28Z-transduced T cells also have an effector memory phenotype by the end of
the culture period of 20 to 24 days that is required for preparation of sufficient cells for clinical
adoptive T cell transfer (data not shown). One important point to remember is that the
phenotypes of cultured T cells might change after infusion. Our group has published data
showing that the percentage of infused melanoma-antigen-specific T cells expressing CD127
and CD28 increased rapidly within one week after cell infusion 61.

The CD28 sequence contained in FMC63-28Z includes the sequence (MYPPY) that is
predicted to form the binding site for the B7 family molecules 63. Of course, just because the
sequence is present does not mean that it is folded in a way to give the three-dimensional
structure necessary for binding to the B7 molecules. We accumulated data that assured us that
FMC63-28Z-transduced T cells do not recognize B7 molecules. B7 molecules are known to
be expressed on activated T cells 64. We confirmed in our own repeated experiments that
FMC63-28Z-transduced T cells uniformly and strongly express CD80 after being subjected to
a rapid expansion protocol (REP) (data not shown). In addition, these activated T cells also
express CD86 (data not shown). These T cells that express CD80 and CD86 do not produce
significant amounts of interferon-gamma (IFNγ) as measured by ELISA assay when they are
cultured alone (without a CD19-expressing target cell) (See Tables 1, 2, and 4, and Figure 6B).
This lack of IFNγ production indicates that the FMC63-28Z-transduced T cells cannot
recognize CD80 and CD86 molecules that are expressed on both the transduced and
untransduced T cells in the culture.

Adoptive T cell therapy of patients with B cell malignancies poses some unique challenges.
CLL cells produce several potentially immunosuppressive cytokines such as transforming
growth factor-β interleukin-4, and interleukin-10 65. In addition, patients that will be treated
on our proposed clinical trial will all have a history of treatment with immunosuppressive
chemotherapy drugs such as fludarabine 66 prior to enrollment on the trial. These factors made
evaluation of the proliferative capability of T cells from CLL patients an important focus of
our pre-clinical experiments. Some patients with B cell malignancies have a large number of
circulating malignant cells that could interfere with T cell culture and transduction procedures,
so testing of processes to deplete PBMC of these malignant cells prior to T cell culture and
transduction was necessary. Therefore, we conducted a series of experiments using cells from
patients with CLL. We found that T cells from patients with CLL that had previously been
treated with fludarabine and the anti-CD20 monoclonal antibody rituximab could be induced
to proliferate using solubilized OKT3 and transduced efficiently when the T cells were obtained
from patients with relatively low levels of leukemic cells in their blood (peripheral blood
lymphocyte count 4400 thousand cells/μL or less). In contrast, when higher levels of leukemia
cells were present in the blood, proliferation in response to solubilized OKT3 and transduction
were impaired (Table 3 and data not shown). We depleted CD19+ cells from PBMC samples
that contained large quantities of leukemia cells, and then we applied the CD19-depleted PBMC
to plates that had been coated with OKT3. Using this approach we could transduce the T cells
of CLL patients and induce them to proliferate (Table 3). Notably, there was extreme variation
in the proliferation of T cells from different CLL patients (Table 3).
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We prefer to use depletion of CD19+ cells to separate peripheral blood T cells from leukemia
cells. This approach leaves the T cells untouched and thereby avoids any potential negative
consequences on T cell proliferation and viability due to binding of the cells to anti-CD3-
antibody-coated beads. For example, if any of the anti-CD3-coated beads remain attached to
the cells after selection, activation of the T cells by the anti-CD3 antibody OKT3 might be
inhibited.

The cell culture and transduction process that is described in this manuscript can be easily
adapted to good manufacturing practice (GMP) conditions. The only major modifications
required are to use clinical-grade anti-CD19 beads and the CliniMacs® system for the depletion
of CD19-expressing cells (both anti-CD19 beads and the CliniMacs® system are from
Miltenyi) and to use larger flasks and cell culture bags for the REPs. We have tested this
approach in one large-scale experiment so far. The results were consistent with those obtained
in the small scale experiments reported in this paper (data not shown). The depletion, culture
and transduction procedures detailed in this paper will be used in a clinical trial that has been
approved by the internal review board of our institution and by the U.S. Food and Drug
Administration. In this clinical trial, patients with CD19-expressing B cell malignancies will
be treated with FMC63-28Z-transduced T cells.
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Figure 1.
A comparison of the design and transduction efficiency of two anti-CD19 CARs. (A) A diagram
of the recombinant retroviral vector MSGV-FMC63-28Z is shown (LTR, long terminal repeat;
Fv, variable regions; CD28, part of the extracellular region and all of the transmembrane and
intracellular regions of CD28; TCR-ζ, the entire cytoplasmic region of the TCR-ζ molecule).
(B) A diagram of the recombinant retroviral vector MSGV-FMC63-CD828BBZ is shown
(LTR, long terminal repeat; Fv, variable regions; CD8, CD8 hinge region; CD28, CD28
cytoplasmic region; 4-1BB, 4-1BB cytoplasmic region; TCR-ζ, the cytoplasmic region of the
TCR-ζ molecule. (C) PBMC were started in culture with OKT3 and IL-2 on day 0. The cells
were transduced with retroviruses encoding FMC63-28Z on days 2 and 3. On day 8, expression
of FMC63-28Z was detected on 45% of T cells when the cells were stained with anti-Fab
antibodies and anti-CD3. Staining with isotype-matched control antibodies and anti-CD3 is
also shown. (D) A PBMC culture from the same donor as in (C) was initiated on day 0. Cells
were transduced with retroviruses encoding FMC63-CD828BBZ on days 2 and 3, and stained
with either anti-Fab antibodies or isotype-matched control antibodies on day 8 in the same
manner as in (C). Expression of FMC63-CD828BBZ was detected on 19% of T cells. (E) A
PBMC culture from the same donor as in (C) and (D) was initiated on day 0. The cells were
not transduced. On day 8 the cells were stained with either anti-Fab or isotype-matched control
antibodies in the same manner as in (C) and (D). This experiment was performed using cells
from the same cultures that were tested in the experiments described in Table 1 and Figure 2.
The results presented in (C), (D), and (E) are representative of six experiments that used cells
from six different donors.
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Figure 2.
A comparison of cytokine production by T cells transduced with different anti-CD19 CARs.
PBMC cultures were initiated on day 0 and transduced on days 2 and 3 after culture initiation.
On day 11 after the cultures were initiated, cells that were transduced with either FMC63-28Z
or FMC63-CD828BBZ were stimulated with either CD19-K562 cells or NGFR-K562 cells for
5 hours and intracellular staining for IFNγ (A) and IL-2 (B) was performed. The transduced T
cells produced IFNγ and IL-2 in a CD19-specific manner. The plots are gated on CD3+

lymphocytes, and the percentage of cells in each quadrant is shown on the plots. This
experiment was performed using cells from the same cultures that were tested in the
experiments described in Figure 1 and Table 1. This experiment is representative of six
experiments that used cells from six different donors.
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Figure 3.
Expression of CARs is maintained in transduced T cells after extensive proliferation. (A) The
design of the experiments reported in Figures 3 through 6 and Tables 2 and 3 is shown. PBMC
were started in culture with OKT3 and IL-2 on day 0. On day 2, cultures were suspended in
fresh medium with IL-2 and the first transduction was performed. On day 3 the transduction
was repeated. On day 10, a rapid expansion protocol (REP) was initiated to generate large
numbers of transduced T cells. (B) Ten days after initiation of a REP, FMC63-28Z expression
was detected on 70% of T cells that had been transduced with FMC63-28Z when the T cells
were stained with anti-Fab antibodies. Staining with isotype-matched control antibodies is also
shown. This experiment is representative of three separate experiments using cells from three
different donors. (C) Ten days after initiation of a REP, SP6-28Z expression was detected on
60% of T cells when T cells that had been transduced with SP6-28Z were stained with anti-
Fab antibodies. Staining with isotype-matched control antibodies is also shown. The cells used
in the experiments reported in (B) and (C) were from the same donor. The experiments reported
in (B) and (C) were performed with cells from the same cultures tested in the experiments
described in Figure 4, Figure 5, and Table 2.
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Figure 4.
Transduced T cells can produce IFNγ and IL-2 after rapid expansion. On day 14 after initiation
of REPs, PBMC from the same donor that had been cultured identically and transduced with
either FMC63-28Z or SP6-28Z were stimulated with either CD19-K562 cells or NGFR-K562
cells for 5 hours, and intracellular staining for IFNγ (A) and IL-2 (B) was performed. The
transduced T cells produced IFNγ and IL-2 in a CD19-specific manner. The plots are gated on
CD3+ lymphocytes, and the percentage of cells in each quadrant is shown on the plots. This
experiment is representative of three experiments that used cells from three different donors.
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Figure 5.
FMC63-28Z-transduced T cells can kill primary CLL cells before and after a REP. (A) An
example of the flow cytometry plots obtained when we performed a flow cytometry
cytotoxicity assay is shown. The cytotoxicity of target cells is measured by comparing survival
of target cells relative to the survival of negative control cells. The negative control cells and
the target cells are combined in the same tube with effector T cells. Note that the percentage
of CD19-expressing CLL cells relative to the control CCRF-CEM cells was less after
incubation with FMC63-28Z-transduced T cells than after incubation with SP6-28Z-control
transduced T cells. These data were part of the data used to construct the cytotoxicity plot
shown in (B). (B) FMC63-28Z-transduced T cells could specifically kill allogeneic primary
CLL cells 11 days after initial OKT3 stimulation. T cells from the same donor that were
transduced with SP6-28Z caused only a low level of cytotoxicity against the same primary
allogeneic CLL cells. Cytotoxicity is reported as the mean +/- the SEM of duplicate
determinations. This experiment is representative of three similar experiments that used cells
from three different donors. (C) Twenty-one days after initiation of a REP, FMC63-28Z-
transduced T cells could kill primary allogeneic CLL cells. The FMC63-28Z-transduced T
cells were from the same donor as in (B). The allogeneic CLL cells used in this experiment
were from a different patient than the CLL cells that were used in the experiment presented in
(B). T cells from the same donor that were transduced with SP6-28Z caused only a low level
of cytotoxicity against the same primary allogeneic CLL cells. Cytotoxicity is reported as the
mean +/- the SEM of duplicate determinations. This experiment is representative of three
similar experiments that used cells from three different donors.
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Figure 6.
Large numbers of functional anti-CD19 T cells can be generated from the blood of CLL
patients. (A) T cells from a patient with CLL that had received fludarabine plus rituximab were
transduced with FMC63-28Z and induced to proliferate in a REP. On day 10 after initiation of
the REP 75% of the T cells expressed the FMC63-28Z CAR as measured by staining with anti-
Fab antibodies. Cells from six different CLL patients were transduced in a similar manner, and
the percentage of T cells from each of these patients that expressed the FMC63-28Z CAR ten
days after the initiation of a REP is reported in Table 3. (B) Ten days after initiation of a REP,
cells from the same culture used for the experiment reported in (A) produced IFNγ upon
stimulation with the CD19-expressing cell lines NALM6 and CD19-K562 but not the CD19-
negative cell lines NGFR-K562 and CCRF-CEM. These results are representative of six
experiments in which cells from six different CLL patients were used. (C) FMC63-28Z-
transduced T cells from a CLL patient specifically killed autologous CLL cells while
nontransduced T cells from the same patient exhibited minimal cytotoxicity 12 days after
initiation of a REP. Cytotoxicity is reported as the mean +/- the SEM of duplicate
determinations. These results are representative of two experiments in which cells from two
different patients were used.
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