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Abstract

Chimeric antigen receptors (CARs) against CD19 have been shown to direct T-cells to specifically target B-
lineage malignant cells in animal models and clinical trials, with efficient tumor cell lysis. However, in some
cases, there has been insufficient persistence of effector cells, limiting clinical efficacy. We propose gene transfer
to hematopoietic stem/progenitor cells (HSPC) as a novel approach to deliver the CD19-specific CAR, with
potential for ensuring persistent production of effector cells of multiple lineages targeting B-lineage malignant
cells. Assessments were performed using in vitro myeloid or natural killer (NK) cell differentiation of human
HSPCs transduced with lentiviral vectors carrying first and second generations of CD19-specific CAR. Gene
transfer did not impair hematopoietic differentiation and cell proliferation when transduced at 1–2 copies/cell.
CAR-bearing myeloid and NK cells specifically lysed CD19-positive cells, with second-generation CAR in-
cluding CD28 domains being more efficient in NK cells. Our results provide evidence for the feasibility and
efficacy of the modification of HSPC with CAR as a strategy for generating multiple lineages of effector cells for
immunotherapy against B-lineage malignancies to augment graft-versus-leukemia activity.

Introduction

Cancer therapy has evolved over the last few decades,
and improvements in survival and quality of life have

been achieved through new drugs and protocols, better sup-
portive care, and the advent of targeted therapy (Lesterhuis
et al., 2011). The possibility of using the patient’s own immune
system, coupled with in-depth understanding of cancer bi-
ology and advances in gene transfer techniques, has led to
multiple developments in cancer immunotherapy (Zarour
and Ferrone, 2011). Clinical experience with allogeneic he-
matopoietic stem cell transplantation (HSCT) as a therapeutic
option for hematological malignancies has strengthened the
evidence that the immune response plays an important role
against cancer. Chimeric antigen receptors (CARs) have been
conceived in an attempt to redirect targeting of immune cells
unhindered by major histocompatibility complex (MHC) re-
striction, now progressing to clinical trials (Ertl et al., 2011;
Kohn et al., 2011).

Targeting of the CD19 antigen has emerged as a promising
approach, inspired by the success of the anti-CD20 mono-
clonal antibody Rituximab (Croxtall, 2011). CD19 is an at-
tractive target as it is restricted to B-lineage, not lost in the
neoplastic transformation, present on most of the B-lineage
malignancies and absent on hematopoietic stem cells, and
ablation of CD19-positive cells is compatible with life (Uckun
et al., 1988). Preclinical and clinical data show proof of con-
cept, but a major limitation in clinical applications is the
limited persistence of modified effector cells, typically ex vivo
expanded mature T-cells (Kochenderfer et al., 2010; Porter
et al., 2011; Savoldo et al., 2011).

Modification of hematopoietic stem and progenitor cells
(HSPCs) has been proposed as a therapy for genetic diseases,
with successful examples being gene therapy clinical trials
for adenosine deaminase-deficient severe combined immu-
nodeficiency (SCID) (Gaspar et al., 2011) and X-linked adre-
noleukodystrophy (Cartier et al., 2009). Modification of
HSPCs with CAR brings the prospect of long-term transgene
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persistence as result of successful engraftment of gene-
modified HSPCs, leading to CAR expression in multiple
hematopoietic lineages, amplifying the potential antileuke-
mic activity (Kohn and Candotti, 2009; Doering et al., 2010;
Kohn et al., 2013). Recent publications have shown successful
in vivo development of T-cells from genetically engineered
human HSPCs for immunotherapy applications against HIV
or cancer (Vatakis et al., 2011; Kitchen et al., 2012; Giannoni
et al., 2013).

Using previously published CD19-specific CAR constructs
(Cooper et al., 2003; Ertl et al., 2011) cloned into lentiviral
vectors, we evaluated the potential for modification of
human HSPC with CAR as a novel approach for immu-
notherapy of hematological malignancies. The hypothesis is
that HSPCs transduced with CD19-specific CAR will give
rise to not only persistent production of target-specific
T-lymphocytes, but also effector cells in multiple lineages,
amplifying the antileukemic effect. The presence of CAR-
modified myeloid and natural killer (NK) cells is especially
attractive as these are the first cells to be produced after
HSPC transplantation, becoming the initial effectors until

CAR-modified T-cells arise from the thymus, augmenting
the graft-versus-leukemia activity. In order to test the con-
cept and its feasibility, human HSPCs modified to express
anti-CD19 CAR were evaluated in vitro after differentiation
cultures into myeloid or NK cells, and functional assays were
conducted to evaluate specific lysis of CD19-positive targets.
Use of CAR-transduced HSPCs to produce multiple leuko-
cyte subtypes with specific cytolytic activity may provide
additional complement to the more traditional cancer im-
munotherapy approach using mature T-lymphocytes.

Materials and Methods

Lentiviral vectors

The first-generation CAR construct, CD19R, has a single-
chain variable domain (scFv) from the CD19-specific murine
IgG1 monoclonal antibody FMC63 linked to a spacer derived
from the Fc and hinge regions from the human IgG4 heavy
chain, fused to residues from the human CD4 transmembrane
region, followed by the cytoplasmic domain of the human
CD3zeta chain (Cooper et al., 2003). The second-generation
CAR construct, CD19RCD28, has the scFv from FMC63 and the
human IgG4 spacer followed by the human CD28 transmem-
brane and intracellular domains linked to CD3zeta (Kowolik
et al., 2006). Both anti-CD19 CAR constructs were cloned into
the CCL backbone (Zufferey et al., 1997) with the MND LTR U3
region as the internal enhancer/promoter (Halene et al., 1999;
Wang et al., 2003) producing the vectors CCLc-MNDU3-CD19R
(CD19R) and CCLc-MNDU3-CD19RCD28 (CD19RCD28) (Fig.
1a). Vectors CCLc-MNDU3-EGFP and CCLc-MNDU3-lucifer-
ase were used to transduce HSPCs with enhanced green fluo-
rescent protein (EGFP) or firefly luciferase (LUC) as control
vectors for transduction protocols. Vector preparations were
produced by triple-plasmid transfection of 5 lg of pCCL-cPPT-

FIG. 1. Lentiviral transduction of human primary cells. (a)
Lentiviral vectors carrying CD19-specific CARs (CD19R and
CD19RCD28) driven by the MNDU3 promoter (diagram to
scale). The enhancer-deleted, SIN long terminal repeats are
depicted as the gray boxes with cross-hatches at each end
and the elements of the HIV-1 backbone are illustrated as is
the MNDU3 promoter used to drive CAR expression.
Components of the CAR are indicated as the signal peptide
(leader), the single chain antibody variable light (VL) and
heavy (VH) chains joined by a linker, the Fc spacer derived
from the human Fc receptor, the transmembrane (TM) se-
quences, and the CD3f and CD28 signaling domains. (b)
CAR expression versus provirus copy numbers in trans-
duced primary human T-cells (black diamonds) for CD19R
(left upper panel) or CD19RCD28 (right upper panel), and
transduced in vitro-differentiated human myeloid cells (black
circles) for CD19R (left lower panel) or CD19RCD28 (right
lower panel) (n = 3). (c) Cytotoxicity by primary human T-
cells activated from PBMC, nontransduced (NT, white col-
umns) and transduced with CD19R (gray columns) or
CD19RCD28 (black columns), against K562 ( p = 0.0679),
CD19-K562 ( p < 0.0001), and Raji ( p < 0.0001) target cells, at
an E:T ratio of 20:1. Values represent arithmetic means of
results from four experiments, error bars represent mean +
SEM, and asterisks indicate statistical significance. CAR,
chimeric antigen receptor; E:T ratio, effector-to-target ratio;
PBMC, peripheral blood mononuclear cells; SEM, standard
error of mean; SIN, self-inactivating.
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MNDU3-CD19R or pCCL-cPPT-MNDU3-CD19RCD28, 5 lg of
a HIV-1 gag/pol-expressing plasmid (pCMVDR8.91) (Zufferey
et al., 1997) and 1.0lg of the pMD.G plasmid to express the
vesicular stomatitis virus glycoprotein (Naldini et al., 1996).
293T cells were plated on poly-L-lysine-coated 10 cm plates at
5 · 106 cells per plate in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum (FBS; D10) and transfection was
performed 24 hr later using standard TransIT-293 protocol
(Mirus Bio, Madison, WI). Eighteen hours later, transfected
cells were treated with 10 mM sodium butyrate (Sigma,
St. Louis, MO) and 20 mM HEPES in D10. After 8–12 hr, the
cells were rinsed with phosphate-buffered saline (PBS) and then
fresh D10 with 20 mM HEPES was added. Vector-containing
supernatant was harvested 48 hr later. Larger-scale preparations
(2–5 liters) of vectors concentrated by tangential flow filtration
were produced as described, with titers measured by quanti-
tative real-time PCR (qPCR) analysis of vector copies in trans-
duced HT29 cells (Cooper et al., 2011).

Human and murine cell lines

The human cell lines Raji (CD19-positive) cells, K562
(CD19-negative) cells, and Jurkat cells were obtained from
ATCC (Manassas, VA), and kept in RPMI medium con-
taining 10% FBS (R10 medium). DL-1-transduced OP9 mu-
rine stroma cells (OP9-DL1) were provided by Gay Crooks
(University of California–Los Angeles [UCLA], Los Angeles,
CA) and grown in alpha-MEM medium (Mediatech, Hern-
don, VA) containing 20% FBS (Alpha-20 medium).

The full-length human CD19 cDNA was excised from
pCMV6-CD19 (Origene, Rockville, MD) using EcoRI and
PmeI and used to replace eGFP in the plasmid pCCLc-
MNDU3-eGFP, producing CCLc-MNDU3-huCD19, used to
transduce K562 cell line into a CD19-positive target. K562
cells were transduced with CCLc-MNDU3-huCD19 to ex-
press human CD19 on their surface (CD19-K562). Clones
were selected after sorting with Automated Cell Deposition
Unit for high-level uniform CD19 expression and prolifera-
tion rate to match the parental K562 cells.

Primary human cells

Collection of anonymous human cord blood units from
the delivery rooms at UCLA Ronald Reagan Medical Center
and use of human peripheral blood cells were deemed ex-
empt from need for formal approval by the Institutional
Review Board at UCLA. Human CD34-positive cells were
isolated from fresh umbilical cord blood using im-
munomagnetic beads (MACS CD34 MicroBead Cell Se-
paration Kit; Miltenyi, Auburn, CA) and stored in liquid
nitrogen. Isolation efficiency was always above 70% for
CD34 positivity. Thawed human CD34-positive cells were
prestimulated for 14 hr in 5% CO2 at 37�C in X-Vivo15 me-
dium (Lonza, Walkersville, MD) enriched with recombinant
human (rhu)SCF (50 ng/ml), rhuFlt-3 ligand (50 ng/ml), and
rhuThrombopoietin (50 ng/ml; transduction medium; cyto-
kines from R&D Systems, Minneapolis, MN). Transduction
was performed for 24 hr with addition of lentiviral vectors at
a concentration of 5.5 · 107 TU/ml onto 105 cells in 1 ml of
transduction medium in wells coated with recombinant hu-
man fibronectin fragment RetroNectin (Takara, Otsu, Japan).

Human peripheral blood mononuclear cells (PBMC) were
obtained from anonymous donor blood samples (UCLA

CFAR Virology Core Laboratory) and isolated using gradi-
ent centrifugation on Ficoll-Hypaque. T-lymphocytes were
activated with Dynabeads T-activator CD3/CD28 (Invitro-
gen, Carlsbad, CA) in R10 in 72 hr incubation in 5% CO2 at
37�C. Cells were then washed during magnetic bead re-
moval, and immediately used for lentiviral transduction in
R10 at 5.5 · 107 TU/ml onto 5 · 105 cells. Medium-term cul-
tures of T-cells were carried in R10 with rhuIL-2 (10 ng/ml;
R&D Systems) for a minimum of 7 days before the functional
experiments.

Differentiation cultures of primary human cells

Myeloid differentiation was performed in culture for 12–
15 days by incubation in 5% CO2 at 37�C in Iscove’s modified
Dulbecco’s medium (Mediatech) containing 10% FBS, en-
riched with cytokines rhuSCF (100 ng/ml) and rhuIL-3
(100 ng/ml) from day 1, with addition of either rhuG-CSF
(10 ng/ml) or rhuGM-CSF (10 ng/ml) on day 3, in tissue-
culture-treated six-well plates, accordingly to published
protocols (Gaines and Berliner, 2005). Cells were divided and
expanded every 3 days, with no cells discarded, keeping cell
concentrations below 5 · 105/well.

NK cell differentiation was performed in coculture with
nonirradiated murine stroma OP9-DL1 monolayers over 35–
40 days by incubation in 5% CO2 at 37�C in Alpha-20 me-
dium with cytokines rhuSCF (5 ng/ml), rhuFlt-3 ligand
(5 ng/ml), rhuIL-7 (5 ng/ml), and rhuIL-15 (10 ng/ml) from
day 1. Cells were split every 4 days, with passage through a
70 lm strainer to remove detached stromal cells, and re-
plated over fresh confluent OP9-DL1 stroma, in tissue-cul-
ture-treated 12-well plates (De Smedt et al., 2007).

In vivo studies

NOD/SCID/c chainnull (NSG) mice (NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ; stock no. 005557; Jackson Laboratory, Bar
Harbor, ME) were housed in accordance with approved
protocol by the UCLA Office of Animal Research Oversight.
All animals were handled in laminar flow hoods and housed
in microinsulator cages in a pathogen-free colony in a bio-
containment vivarium facility. Newborn pups at 3–7 days of
life were injected with 3 · 105 cells/pup via intrahepatic in-
jection of nonmodified or transduced human CD34-positive
cells isolated from umbilical cord blood, 1 day after condi-
tioning with 150 cGy of sublethal total body irradiation from
a 137Ce source with attenuator. Transplanted pups were
housed with nursing mothers and weaned to separate cages
at 3 weeks. Blood samples were collected via the retro-orbital
venous plexus under general anesthesia with isoflurane at 8
and 12 weeks posttransplantation to evaluate engraftment
efficiency. Bone marrow, spleen, and blood were harvested
from each animal 8 months posttransplantation for flow
cytometric and qPCR analyses. Leukocytes were also iso-
lated for functional studies from bone marrow and spleen of
engrafted mice after hypotonic lysis of red blood cells with
0.2% NaCl solution for 30 sec. Other engrafted mice were
subcutaneously injected with 1 · 106 CD19-positive Raji cells
at 12–14 weeks of life, with follow-up with measurement of
tumor development and euthanasia when the largest diam-
eter reached 15 mm or tumor ulceration was present. Tumor
volumes were calculated per the ellipsoid volume formula
(p/6 · L · W · H) (Tomayko and Reynolds, 1989).
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Flow cytometry

For analysis of cell surface markers and CAR expression,
cells were first incubated in PBS with 5% FBS at 4�C for
5 min, and then incubated with fluorescent-labeled murine
monoclonal antibodies to human CD14-PE, CD33-APC,
CD34-PerCP, CD56-PE, or CD3-PerCP for 20 min in the dark
at 4�C. For all tests, fluorescein isothiocyanate (FITC)-
conjugated polyclonal F(ab¢)2 fragment goat antihuman IgG1
Fcc ( Jackson ImmunoResearch Laboratories, West Grove,
PA) (Cooper et al., 2003) (55.5 ng per 105 cells) was used for
the detection of the human IgG spacer in both CAR con-
structs on cell surface. Jurkat cells stably transduced with the
CD19-CAR with expression above 96% were used as posi-
tive controls for detection of CAR expression, and PBMC
were used as controls for expression of human cell surface
markers. After being washed with PBS, cells were analyzed
on an LSRII (BD Biosciences, San Jose, CA) cytometer.

Cytotoxicity assays

Assays were performed using the flow-cytometry-based
nonradioactive Live/Dead Cell Mediated Cytotoxicity Kit
(Invitrogen), using 5 · 103 targets per well labeled with 3,3¢-
dioctadecyloxacarbocyanine (DiOC). Target cells used in-
cluded CD19-positive Raji cells, CD19-negative K562 cells,
and CD19-positive K562 cells (CD19-K562). Effector cells
were added at effector-to-target (E:T) ratios of 1.25:1, 2.5:1,
5:1, 10:1, 20:1, 40:1, and 80:1. Cell mixtures were incubated in
tissue-culture-treated U-bottom 96-well plates in 5% CO2

at 37�C in propidium iodide (PI)-containing R10 for times
described in the Results section. Nonviable targets were
double-positive cells for DiOC and PI. An LSRII cytometer
was used to acquire all samples, and percent lysis of targets
was based upon the following equation: Percent of specific
lysis = [no. of nonviable target cells in coculture with effector
cells/(no. of nonviable target cells in coculture + no. of viable
target cells in coculture)] – [no. of nonviable targets cultured
alone/(no. of nonviable targets cultured alone + no. of viable
targets cultured alone)] · 100% (Kane et al., 1996). All sam-
ples were loaded in triplicate, and all assays had controls
with isolated effectors and targets. rhuGM-CSF was added at
the concentration of 10 ng/ml to the assay medium in some
experiments.

Apoptosis induction was evaluated by using the flow-
cytometry-based FITC Annexin V Apoptosis Detection Kit I
(BD Biosciences). Effector cells were incubated in R10 with
target Raji cells at an E:T ratio 10:1 in tissue-culture-treated
U-bottom 96-well plates in 5% CO2 at 37�C for 6 hr. Staining
with the kit reagents accordingly to instructions was fol-
lowed by flow cytometry acquisition within 1 hour. Target
cells were identified by costaining with an APC-labeled
murine monoclonal antibody to human CD19 (BD Bio-
sciences).

Vector copy number assessment

Genomic DNA was extracted using the Qiagen DNeasy
Blood and Tissue kit (Qiagen Inc., Valencia, CA), and
quantified using the Sigma-Aldrich DNA Quantification
Fluorescence Assay kit (Sigma-Aldrich, St. Louis, MO). All
assessments were obtained by qPCR using the ABI 7700
Sequence Detector (Applied Biosystems, Carlsbad, CA).

TaqMan primers and probes were used to detect the HIV-1 w
region of the vector provirus (Sanburn and Cornetta, 1999)
and were compared with a standard curve made with ge-
nomic DNA extracted from a cell line with a known lentiviral
vector copy number diluted with genomic DNA from the
parental nontransduced cell line.

Enzyme-linked immunosorbent spot assays

NK cells were harvested from culture plates, passed
through a 70 lm strainer to remove stromal cells, and sub-
jected to negative selection using the Dynabeads Untouched
Human NK Cells kit (Invitrogen). Columns were washed
twice to increase the recovery, and purity was assessed by
flow cytometry. After the enrichment, cells were immedi-
ately used for functional assays.

Enzyme-linked immunosorbent spot (ELISPOT) assays to
detect interferon gamma (IFN-c) secretion were performed
using the Human IFN-gamma ELISpot Kit (Mabtech, Mar-
iemont, OH). All microplate wells were coated with a
monoclonal anti-IFN-c antibody provided with the kit. Then,
2 · 105 effector cells and 104 target cells (preirradiated with
10,000 cGy) were plated in the wells with 200 ll of R10 and
incubated in 5% CO2 at 37�C for 48 hr. RhuIL-2 (R&D Sys-
tems) was added at 10 ng/ml to selected wells. After incu-
bation, all wells were washed with PBS 0.05% Tween, and
treated with a biotinylated monoclonal anti-IFN-c antibody
for 2 hr at 37�C. Subsequent treatments with streptavidin-
peroxidase and chromogen were used for spot formation,
and plates were read with a CTL-ImmunoSpot S5 Micro
Analyzer (Shaker Heights, OH). Negative controls were
isolated targets or effector cells without targets, and un-
modified human PBMC were positive controls. Only large
spots with light rims were considered positive, and a mini-
mum of five spot-forming units (SFU) per well was required
for a significant response. Results were reported as SFU per
million of incubated effector cells.

Cell staining preparations

For microscopy staining, 0.5–1.0 · 105 cells were applied to
slides using a cytocentrifuge (CytoSpin4; Thermo Scientific,
Waltham, MA). Resulting preparations were fixed in 4%
formaldehyde for 10 min at room temperature (RT) and
rinsed with Dulbecco’s PBS (DPBS; Mediatech). Morphology
preparations used standard staining with May Grunwald-
Giemsa protocol (Sigma-Aldrich). Immunocytochemistry
preparations started with blocking with 5% FBS in DPBS for
30 min at RT, followed by incubation with 1/200 Biotin-SP-
AffiniPure F(ab¢)2 Fragment Goat Anti-Human IgG, Fc-
gamma fragment specific for 60 min at RT, and washed 3
times for 5 min in double-distilled water. Next, the smears
were incubated in 1/500 peroxidase–streptavidin for 30 min
at RT, washed 3 times for 5 min, and treated using DAB-Plus
Reagent Set (Invitrogen) according to the manufacturer’s
instructions. Lastly, the smears were counterstained with
May Grunwald and 1/20 diluted Giemsa stain (Sigma-
Aldrich), rinsed with double-distilled water, and air-dried.
Images were obtained using a Nikon Eclipse TS100 inverted
microscope (Nikon), and captured at 10 · and 40 · using a
Nikon Digital Sight Fi1 digital camera system and NIS-
Elements F3.0 imaging software.
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Colony-forming unit assay

Human HSPCs were cultured immediately after trans-
duction in MethoCult H4434 Classic (StemCell Technologies,
Vancouver, BC) incubated for 14 days in 5% CO2 at 37�C for
the detection and quantification of HSPC. Colonies were
counted and scored, and collected for genomic DNA ex-
traction and qPCR.

Statistical analyses

Cell type, transduction status, percent of CAR expression,
culture conditions, and experiment order were considered in-
dependent variables, and nonparametric one-way ANOVA
was used for analysis of data to compare the different cell
populations in study. Cytotoxicity assays were evaluated con-
sidering all assay replicates, using mixed linear models. Mixed
effects models were constructed to control for variation in
measurements day to day. Model adequacy was checked by
residual analysis. Log transformations were used on the re-
sponse target-killing variable when residual plots showed vi-
olations in model assumptions. Nonparametric methods were
used when sample sizes were small and skewed data were both
present. For the tumor challenge experiments, tumor volume
was logged because of its skewed distribution. Linear mixed
models were constructed to assess the relationship between
(logged) tumor volume and time (in days), group, and the
time · group interaction (growth rate). Kaplan–Meier curves
were created to visualize survival rates of the mice between
groups. Survival rates were formally tested for differences be-
tween groups using the log-rank test. All statistical analyses
were conducted using SAS software (version 9.2; SAS Institute,
Cary, NC) and IBM SPSS Version 19 (SPSS, Chicago, IL). p-
Values less than 0.05 were considered statistically significant.

Results

Lentiviral vectors carrying CD19-specific
CAR constructs

Lentiviral vectors were produced carrying the genes encod-
ing CD19-specific CAR that had the signaling domain from
human CD3f alone (CD19R, first generation) (Cooper et al.,
2003) or the CD3f domain combined with the costimulatory
signaling domain from human CD28 (CD19RCD28, second
generation) (Kowolik et al., 2006) (Fig. 1a). Both vectors con-
tained the CD19-specific CAR constructs driven by the
MNDU3 internal enhancer/promoter, which has been dem-
onstrated to successfully modify HSPCs with persistent trans-
gene expression (Halene et al., 1999; Wang et al., 2003; Giannoni
et al., 2013). Normal human HSPCs were transduced with each
of the vectors and then induced to differentiate in vitro along
the myeloid or NK cell lineages. These mature cells were
evaluated for CD19-specific immune activity.

Assessment of lentiviral vector constructs in primary
human T-cells

Both vector constructs were first evaluated after trans-
duction of primary human T-cells for transgene integration,
phenotype, and function. Using a vector concentration of
5 · 107 TU/ml, the arithmetic means of transduction effi-
ciencies of T-cells by CD19R and CD19RCD28 were 61.7%
and 58.4%, respectively, with mean vector copy numbers of

1.86 and 1.2 copies/cell (Fig. 1b, upper panels). Cytotoxicity
assays of T-cells against CD19-positive cells (Raji cells and
CD19-K562 cells) documented specific targeting of CD19 at
up to twice the lysis of nonspecific target cells (K562 cells),
similarly by both CD19R- and CD19RCD28-transduced T-
cells (Fig. 1c). These findings recapitulate those of Kowolik
et al. (2006), who used the same CAR constructs delivered to
human T-cells by electroporation of expression plasmids.

Myeloid differentiation cultures

To assess expression and activity of the CAR transgenes in
the offspring of modified HSPCs, human CD34-positive cells
isolated from cord blood were transduced with either one of
the two anti-CD19 CAR vectors, a control EGFP vector, or
mock-transduced (nontransduced cells), and cultured to
undergo myeloid differentiation. To evaluate the effector
activity of different CAR-bearing myeloid cell populations,
the myeloid differentiation cultures were performed in the
presence of rhuG-CSF or rhuGM-CSF. Cultures were started
with 105 CD34-positive HSPCs, with a split into two popu-
lations on day 3 for the G-CSF- or GM-CSF-containing con-
ditions. At the end of the 15 days required for the culture, the
average numbers of cells were 40–50 million cells per con-
dition (*1,000-fold expansion) (Fig. 2a). There were no dif-
ferences in cell numbers among nontransduced and
transduced populations, or presence of either G-CSF or GM-
CSF, indicating that transduction with CAR did not disturb
cell growth and survival. Colony-forming unit assay of
CD34-positive HSPCs transduced with both CD19-specific
CARs showed no differences of proliferation or differentia-
tion, as compared with EGFP-transduced or nontransduced
cells (Fig. 2b); vector copy number analyses of colonies
confirmed transduction efficiency with averages of 2.78
copies/cell for the CD19R-modified cells, 0.71 copies/cell for
the CD19RCD28-modified cells, and 0.92 copies/cell for the
EGFP-transduced cells.

The immunophenotype of the differentiated cells assessed
by flow cytometry demonstrated that the early myeloid
marker CD33 was expressed by more than 85% of the cul-
tured cells (Fig. 2c). CD14 was assessed as a marker of
monocyte populations in myeloid differentiation cultures. At
days 11 and 15, the CAR-transduced myeloid cells had
similar CD14 and CD33 expression as compared with non-
transduced cells (Fig. 2c). CD33-positive/CD14-positive cell
populations were found at higher frequencies in G-CSF-
cultured myeloid cells (Fig. 2d), but no differences were
noted among nontransduced and transduced cells.

Transduction efficiencies of the HSPCs by the CAR vectors
were assessed in myeloid differentiation cultures on day 15
by flow cytometry using commercially available FITC-
conjugated polyclonal F(ab¢)2 fragment goat antihuman IgG1
Fcc for detection of the IgG spacer component of both CAR
constructs (Cooper et al., 2003) (Figs. 2e and 3g) and by qPCR
measurement of vector proviral DNA sequences (Fig. 1b,
lower panels). Arithmetic means of CAR expression were
48.1% for CD19R-transduced (range 25–85.5%) and 40.1% for
CD19RCD28-transduced cells (range 18.1–69.6%). Vector
copy number analysis by qPCR showed a mean of 2.1 vector
copies/cell (range 1.7–2.5) for the CD19R-transduced cells
and a mean of 1.1 vector copies/cell (range 0.7–1.5) for the
CD19RCD28-transduced cells.
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FIG. 2. Myeloid in vitro differentiation of modified human HSPC. (a) Cell proliferation during in vitro differentiation
cultures of myeloid cells from human umbilical cord blood CD34-positive HSPCs, comparing cells differentiated in the
presence of rhuG-CSF or rhuGM-CSF, nontransduced (NT) or transduced with EGFP, CD19R, or CD19RCD28 (arithmetic
means of four experiments). Values in y-axis are represented in logarithmic scale. (b) Distribution of CFU counts for
CFU assay with human CD34-positive HSPCs, nontransduced or transduced with lentiviral vectors carrying EGFP, CD19R,
or CD19RCD28. CFU-E, CFU-erythroid ( p = 0.68); BFU-E, burst-forming unit-erythroid ( p = 0.99); CFU-GEMM, CFU-
granulocyte, erythroid, macrophage, megakaryocyte ( p = 0.88); CFU-GM, CFU-granulocyte, macrophage, 50–100 cell colonies
( p = 0.21), 100–500 cell colonies ( p = 0.28), 500–1,000 cell colonies ( p = 0.12). Error bars represent means of triplicates + SD. (c)
Expression of human cell surface makers CD34 (white columns) ( p = 0.1166), CD33 (gray columns) ( p = 0.4936), and CD14
(black columns) ( p = 0.1741) on in vitro-differentiated myeloid cells, nontransduced (NT) or transduced with CD19R,
CD19RCD28, or EGFP, distributed by day of culture. Values represent arithmetic means of results from three experiments
and error bars represent mean + SEM. (d) Expression of human cell surface markers on in vitro-differentiated myeloid cells,
nontransduced (NT) or transduced with CD19R, CD19RCD28, or EGFP, distributed by culture conditions in rhuG-CSF and
rhuGM-CSF and vector transduction, defined as CD34-positive (black columns) ( p = 0.2479), CD33-positive/CD14-positive
(gray columns) ( p = 0.0059), and CD33-positive/CD14-negative (white columns) ( p = 0.02). Values represent arithmetic means
of results from three experiments and error bars represent mean + SEM. (e) Expression of CAR in myeloid (black circles) and
NK cells (black triangles) differentiated in vitro from human CD34-positive HSPCs, nontransduced (NT) or transduced with
CD19R or CD19RCD28 (n = 18). (f) Dihydrorhodamine 123 assay of myeloid cells differentiated in vitro with or without
stimulation with phorbol myristate acetate, distributed by culture conditions in G-CSF (G) and GM-CSF (GM) and vector
transduction ( p = 0.8634). Values represent arithmetic means of results from three experiments and error bars represent
mean + SEM. CFU, colony-forming unit; HSPC, hematopoietic stem/progenitor cells; NK, natural killer.
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The dihydrorhodamine 123 assay was used to measure the
respiratory burst activity of in vitro-differentiated myeloid
cells, as a measure of their functional maturity. More than
95% of nontransduced and transduced cells demonstrated
staining by dihydrorhodamine after stimulation with phor-
bol myristate acetate, irrespective of whether they were dif-
ferentiated with G-CSF or GM-CSF (Fig. 2f). These findings
demonstrate that the myeloid differentiation cultures gave
rise to mature myeloid cells, and that transduction CAR did
not affect myeloid maturation.

Morphologic aspects of differentiated cells were assessed
by microscopy of cytospin preparations stained with May-
Grunwald Giemsa on day 15 (Fig. 3a and b). Myeloid cells

differentiated in G-CSF or GM-CSF demonstrated 10–20% of
the cells with the appearance of mature neutrophils, 10–15%
of monocytes, 5–10% of macrophages, and all the different
stages of myeloid differentiation, with similar findings for
nontransduced and transduced cells. Immunocytochemical
staining of the cells with biotinylated F(ab¢)2 fragment anti-
human IgG Fc-gamma fragment, which recognizes the stalk
portion of the CAR, followed by incubations with peroxi-
dase–streptavidin and DAB demonstrated intense diffuse
expression of the CAR protein on the membrane of the
myeloid cells differentiated from transduced HSPCs (Fig. 3c
and d). The microscopy of cytospin preparations confirmed
the flow cytometry findings (Fig. 3g) and evidenced that

FIG. 3. Cytospin preparations and flow cytometry analyses of in vitro-differentiated myeloid and NK cells. Cytospin of
myeloid cells differentiated in vitro in the presence of (a) rhuG-CSF or (b) rhuGM-CSF, May-Grunwald Giemsa staining
(Nikon Eclipse TS100 inverted microscope, 10 · , Nikon Digital Sight Fi1 camera). Peroxidase immunocytochemistry staining
of in vitro-differentiated myeloid cells using F(ab¢)2 fragment goat antihuman IgG, Fc-gamma fragment specific, (c) without
counterstaining and (d) counterstained with May Grunwald dye (Nikon Eclipse TS100 inverted microscope, 40 · , Nikon
Digital Sight Fi1 camera). Peroxidase immunocytochemistry staining of in vitro-differentiated NK cells using F(ab¢)2 fragment
goat antihuman IgG, Fc-gamma fragment specific, (e) without counterstaining and (f) counterstained with May-Grunwald
dye (Nikon Eclipse TS100 inverted microscope, 40 · , Nikon Digital Sight Fi1 camera). (g) Flow cytometry pseudocolor plots
of representative samples of in vitro-differentiated myeloid cells stained for human cell surface marker CD33 and CD19-
specific CAR (using FITC-conjugated F[ab¢]2 fragment goat antihuman IgG1 Fcc); nontransduced cells (left panel) and CD19R-
transduced cells (right panel) are shown. (h) Flow cytometry pseudocolor plots of representative samples of in vitro NK cells
stained for human cell surface marker CD56 and CD19-specific CAR; nontransduced cells (left panel) and CD19R-transduced
cells (right panel) are shown. FITC, fluorescein isothiocyanate.
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CAR was uniformly expressed on the membrane of trans-
duced cells.

NK cell differentiation cultures

Human HSPCs were also transduced with the two CAR
vectors or control vectors with EGFP or firefly luciferase and
differentiated in vitro into NK cells by coculture with OP9-
DL1 stromal cells in the presence of IL-7 and IL-15 (De Smedt
et al., 2007). We then assessed cell proliferation, maturation,
CAR expression, and CD19-specific cytotoxic function.

Total yields of cells achieved on day 40 of culture in all
conditions averaged 10 million cells, with no differences in
cell growth rate or yields among nontransduced and
transduced populations (Fig. 4a). Morphologic analysis of
cells from these cultures on microscopy showed the pres-
ence of 10–20% large mononuclear cells with large nuclei,
typical of NK cell morphology, 5–10% of myeloid cells,
and abundant numbers of cells with fine reticular cyto-
plasm and small nuclei, compatible with the murine stro-
mal cells. Immunocytochemical staining of cells from the
NK differentiation cultures demonstrated cells expressing
the CAR protein in an intense diffuse pattern on the
membrane of 20–40% of the cells derived from transduced
HSPCs, similar to the findings on modified myeloid cells
(Fig. 3e and f).

At days 35–44 of culture, between 15% and 30% of the
cells displayed the immunophenotype of differentiated NK
cells (CD56 positive/CD3 negative) (Figs. 3h and 4b), with
no differences among nontransduced and transduced cells.
Mean transduction efficiencies of all cells in culture were
40.6% for CD19R and 24.8% for CD19RCD28, assayed by
flow cytometry (Fig. 2e). When we consider only CD56-
positive/CD3-negative cells, an average of 32% carried
CD19R and 20.5% carried CD19RCD28 (Fig. 4b). CAR-
expressing CD56-positive/CD3-negative NK cells comprised
an average of 10% of the total cells in the cultures. Vector
copy number analysis showed a mean of 4.6 copies/cell
(range 3.1–5.8) for CD19R and 2.3 copies/cell (range 1.6–3.1)
for CD19RCD28 on the nonenriched cell populations from
differentiation cultures.

Cytotoxicity assays with in vitro-differentiated
myeloid cells

Assessment of CD19-specific killing by CAR-expressing
myeloid cells was performed by cytotoxicity assays against
Raji cells, a CD19-positive human cell line. Myeloid cells
were harvested at 14–16 days of culture, resuspended in
fresh R10 for coculture with DiOC-labeled target cells at
different E:T ratios, and assay plates were analyzed by flow
cytometry immediately after an incubation period of 12 hr.

G-CSF-differentiated myeloid cells performed increased
killing of Raji cells by populations transduced by either
CARs in similar fashion, in comparison to nontransduced
cells (Fig. 5a). Overall, the presence of CD19-specific CAR
doubled the lytic activity against Raji cells over background.
The maximum mean lytic activity of G-CSF-differentiated
myeloid cells was 26% at an E:T ratio of 80:1 (Fig. 5a, left
panel). GM-CSF-differentiated myeloid cells bearing either
of the CARs achieved increased killing of Raji cells with
similar activity (Fig. 5a, right panel). In general, GM-CSF-
differentiated myeloid cells had significantly higher lytic
activity ( p < 0.0001) against Raji cells compared with G-CSF-
differentiated cells.

Assessment of CD19-specific targeting was also per-
formed using CD19-K562 and parental K562 cells (which do
not express CD19) (Fig. 5b). The differences in cytolytic
activity between nontransduced and CAR-transduced cells
were more pronounced with CD19-K562 than with Raji
cells. There was minimal lysis of parental K562 by any of
the myeloid populations and less than 10% lysis of CD19-
K562 cells by nontransduced or cells transduced with either
CAR or luciferase, demonstrating no increased nonspecific
target lysis. In contrast, there was clearly increased lysis
of CD19-K562 by either CD19-specific CAR-transduced
populations.

Even though CAR-modified myeloid cells presented sig-
nificantly higher killing of CD19-positive target cells, it was
observed that nontransduced cells at high E:T ratios also
presented some degree of killing, especially when differen-
tiated in the presence of GM-CSF. This is probably because of
the previously described GM-CSF-induced neutrophil
priming (Swain et al., 2002; Seely et al., 2003). This hypothesis
is supported by the findings that the presence of GM-CSF in
the cytotoxicity medium assay induced statistically signifi-
cant higher nonspecific killing of cell targets by in vitro-
differentiated myeloid cells, CAR-modified or not (Fig. 5c).

FIG. 4. NK cell in vitro differentiation of modified human
HSPCs. (a) Typical cell proliferation of in vitro-differentiated
NK cells from human umbilical cord blood CD34-positive
HSPCs, comparing nontransduced (NT) and cells transduced
with CD19R, CD19RCD28, EGFP, or firefly luciferase (LUC).
Values in y-axis are represented in logarithmic scale. (b)
Expression of human surface markers CD56 and CD3, and
CAR expression of in vitro-differentiated NK cells, non-
transduced or transduced with CD19R or CD19RCD28, de-
fined as CD56-positive/CD3-negative (total height of
columns), CAR-negative (gray columns), and CAR-positive
(black columns). Values represent arithmetic means of results
from 18 experiments and error bars represent mean + SEM.
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FIG. 5. Cytotoxicity of CAR-transduced in vitro-differentiated myeloid cells. (a) Cytotoxicity against Raji cells of myeloid
cells differentiated in vitro in G-CSF (left panel) or GM-CSF (right panel), nontransduced (white circles), CD19R-transduced
(black circles), or CD19RCD28-transduced cells (white triangles) ( p < 0.0001). Values represent arithmetic means of results
from 15 experiments, error bars represent mean + SEM, and asterisks indicate statistical significance. (b) Cytotoxicity against
K562 (upper panels) and CD19-K562 cells (lower panels) of myeloid cells differentiated in vitro in G-CSF (left panels) or GM-
CSF (right panels), nontransduced (white circles), LUC-transduced (black squares), CD19R-transduced (black circles), or
CD19RCD28-transduced cells (white triangles) ( p < 0.0001). Values represent arithmetic means of results from four experi-
ments, error bars represent mean + SEM, and asterisks indicate statistical significance. (c) Cytotoxicity of myeloid cells
differentiated in vitro in the presence of G-CSF (white bars) or GM-CSF (light gray bars) in R10 medium assay or in R10 with
addition of GM-CSF 10 ng/ml (dark gray and black gray bars, respectively) against Raji target cells at a 20:1 E:T ratio. Values
represent arithmetic means of results from four experiments, error bars represent mean + SEM, and asterisks indicate sta-
tistical significance. (d) Cytotoxicity of myeloid cells differentiated in vitro in the presence of G-CSF or GM-CSF against Raji
target cells at a 10:1 E:T ratio with measurement of cell lysis (PI staining) and apoptosis induction (Annexin V binding) on
target cells, by nontransduced (NT) and LUC-, CD19R-, and CD19RCD28-transduced myeloid cells. Values represent
arithmetic means of results from two experiments and error bars represent mean + SEM.
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Apoptosis induction in target cells by in vitro-differentiated
myeloid cells was evaluated by FITC-Annexin V staining, in
order to further appreciate the CAR-mediated cytotoxicity
(Fig. 5d). Nonmodified, luciferase- and CAR-transduced ef-
fector cells were incubated with Raji target cells for 6 hr, and
then stained with FITC-Annexin V and antihuman CD19 in
the presence of PI. Higher levels of Annexin V binding to
target cells were detected with incubation with CAR-modified
myeloid cells, and the levels found for incubation with non-
modified and luciferase-transduced effector cells were equiv-
alent, in both myeloid differentiation conditions. Similar to the
findings with the detection of target cell lysis, cells differen-
tiated in the presence of GM-CSF seem to present higher levels
of antigen-induced cytotoxicity. The results of the Annexin V
staining assays provide further evidence of the antigen-
specific targeting determined by CAR-modified cells and
suggest that isolated detection of target cell lysis may not
document the full magnitude of the CAR-mediated cytotox-
icity by myeloid cells. Higher levels of target apoptosis in-
duction were found at incubation with CD19RCD28-modified
cells than with CD19R-transduced cells.

Cytotoxicity assays with in vitro-differentiated NK cells

In vitro-differentiated NK cells were harvested and re-
suspended in fresh R10 for incubation of 4–6 hr with DiOC-
labeled targets, following similar protocols to myeloid cells.

The CD19-negative K562 human cell line is a highly
sensitive target for mature NK cells as it lacks MHC ex-
pression that inhibits NK-mediated lysis. All different
in vitro-differentiated NK populations presented K562 lysis,
with averages of 19.9%, 24.9%, and 31.8% by nontransduced,
CD19R-transduced, and CD19RCD28-transduced cells, re-
spectively, at a 20:1 E:T ratio, demonstrating that transduc-
tion with either generations of CARs did not impair
maturation or function of NK cells.

Analysis of lysis of Raji cells showed that NK cells ex-
pressing CD19-specific CAR had higher lytic activity, as
compared with nontransduced cells. CD19RCD28-trans-
duced NK cells consistently showed increased lysis of Raji
targets compared with CD19R-transduced NK cells (Fig. 6a).
CD19-K562 cells were lysed at slightly higher rates than
parental K562, with CD19RCD28-transduced NK cells pos-
sessing the highest levels (Fig. 6b).

Cytolytic assays adjusted for absolute frequencies
of CAR-positive effector cells

To better appreciate the killing activity of the different
effectors, target lysis data were adjusted for the percentages
of CAR-modified cells for primary T-cells and in vitro-
differentiated myeloid cells. Data for Raji targets at a cor-
rected 20:1 E:T ratio are shown (Fig. 6c). Because in vitro NK

FIG. 6. Cytotoxicity and target-specific activation of CAR-transduced in vitro-differentiated NK cells. (a) Cytotoxicity of
in vitro-differentiated NK cells against Raji cells ( p < 0.0001), nontransduced (white circles), CD19R-transduced (black circles),
or CD19RCD28-transduced NK cells (white triangles). Values represent arithmetic means of results from 18 experiments,
error bars represent mean + SEM, and asterisks indicate statistical significance. (b) Cytotoxicity against Raji ( p = 0.0035), K562
( p = 0.0035), and CD19-K562 cells of in vitro-differentiated NK cells, nontransduced (NT, white columns), luciferase-trans-
duced (LUC, light gray), CD19R-transduced (dark gray), or CD19RCD28-transduced (black columns) at a 10:1 E:T ratio.
Values represent arithmetic means of results from four experiments and error bars represent mean + SEM. (c) Cytotoxicity of
primary T-cells ( p < 0.0001) and in vitro-differentiated myeloid cells ( p < 0.0001) and NK cells ( p = 0.02), nontransduced (white
columns) or transduced with CD19R (gray columns) or CD19RCD28 (black columns) against Raji cells at a 20:1 E:T ratio,
adjusted by percentage of mature cells (NK cells) and CD19-specific CAR expression (T-cells and myeloid cells). Values
represent arithmetic means of results from 18 experiments, error bars represent mean + SEM, and asterisks indicate statistical
significance. (d) IFN-c ELISPOT assay of in vitro-differentiated NK cells, nontransduced (NT) and transduced with EGFP,
firefly luciferase (LUC), CD19R, or CD19RCD28, against Raji cells ( p = 0.006). Values represent arithmetic means of results
from four experiments and error bars represent mean + SEM.
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FIG. 7. Engraftment of CAR-transduced human HSPCs in humanized NSG mice. (a) Human engraftment (detected by the
percentage of human CD45-positive cells) and CAR-positive cells shown as percentage of total harvested cells from bone
marrows, spleens, and PB from humanized NSG mice 32 weeks postintrahepatic injection into pups. Mice were engrafted
with nontransduced human HSPCs (NT) or CAR-transduced human HSPCs (CD19R or CD19RCD28). Values represent
arithmetic means of results from three experiments with 2–7 mice per group and error bars represent mean + SEM. (b)
Distribution of different human hematopoietic lineages in humanized mice, myeloid cells (CD33 + ), B-lymphocytes (CD19 + ),
T-lymphocytes (CD3 + ), and NK cells (CD56 + ), represented as percentages of total human CD45-positive cells harvested
from bone marrows, spleens, and PB from humanized NSG mice 32 weeks postintrahepatic injection into pups. (c) Dis-
tribution of CAR-positive cells by different human hematopoietic lineages in humanized mice, NK cells (CD56 + ), myeloid
cells (CD33 + ), B-lymphocytes (CD19 + ), and T-lymphocytes (CD3 + ), represented as percentages of total human CD45-
positive cells harvested from bone marrows (BM), spleens (Sp), and PB from humanized NSG mice 32 weeks postintrahepatic
injection into pups of nontransduced human HSPCs (NT) or CAR-transduced human HSPCs (CD19R or CD19RCD28).
Values represent arithmetic means of results from three experiments and error bars represent mean + SEM. (d) Representative
flow cytometry dot plots of BM and PB of a humanized mouse injected with CD19R-modified human HSPCs. Human cell
surface markers CD56, CD33, CD19, and CD3 were plotted against CAR expression detected by FITC-conjugated F(ab¢)2

fragment goat antihuman IgG1 Fcc. NSG, NOD/SCID/c chainnull; PB, peripheral blood.
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differentiation has low efficiency, E:T ratios were adjusted to
the percentage of mature NK cells.

The adjusted cytotoxicity values confirm the CD19-specific
targeting by T-cells and by in vitro-differentiated myeloid
cells expressing either CD19R or CD19RCD28 (Fig. 6c), with
no difference between the two CAR generations. For NK
cells, higher target lysis is evident only with CD19RCD28-
expressing cells (37.5%); lysis of Raji cells by first-generation
CD19R-expressing NK cells was similar to the results with
nontransduced cells (26.7% and 29.3%, respectively). Com-
parisons among the different effector cells showed highest
antigen-specific lysis by T-cells, with NK cells in second and
myeloid cells last. Nonspecific target lysis by nontransduced
cells was highest by NK cells, and minimal with myeloid
cells (Fig. 6c).

Activation of in vitro-differentiated NK cells
by CD19-positive targets

To confirm the CD19-specific activation of CAR-expressing
NK cells, ELISPOT assays were performed to detect secretion
of IFN-c by differentiated NK cells in coculture with Raji
targets. For these assays, differentiated cells were enriched for
NK cells using negative selection, with assay samples aver-
aging 32.6% of CD56-positive/CD3-negative cells and 57.6%
of CAR expression.

Responses in the IFN-c ELISPOT assay were based on
enumeration of spot-forming cells adjusted to the number of
mature NK cells present in each sample (Fig. 6d). All NK cell
populations incubated without targets had SFU values sim-
ilar to incubation of nontransduced or EGFP- or LUC-
transduced cells against Raji targets, below 2,316 SFU/106

effector cells. Incubation of CAR-transduced cells with
Raji presented significantly higher mean SFUs, above 5,020
SFU/106 effector cells, showing specific activation of CAR-
modified NK cells by CD19-positive targets. The highest
value was 7,495 SFU/106 effector cells by CD19R-transduced
cells against Raji targets. Addition of rhuIL-2 to the cultures
during the assay nonspecifically raised IFN-c release from all
samples, obscuring CAR-specific effects (data not shown).

In vivo studies in humanized NSG

In vivo assessment of the engraftment, proliferation, and
differentiation of modified human HSPCs was performed
by the intrahepatic injection of nonmodified and CAR-
transduced human HSPCs into sublethally irradiated NSG
pups. Long-term human hematopoiesis in transplanted mice
was analyzed through harvest of bone marrow, spleen, and
peripheral blood at 32 weeks posttransplant (Fig. 7a–d).
Human engraftment in all three compartments (as detected
by the percentage of human CD45-positive cells) was vari-
able in the different groups, but there was no statistical dif-
ference between nontransduced and CAR-transduced arms.
CAR-modified cells were detected in the whole cell popula-
tions harvested from bone marrows (mean 5.55% and range
0.5–10.6 for CD19R; mean 1.87% and range 0.5–5.4 for
CD19RCD28), spleens (mean 1.1% and range 0.1–2.1 for
CD19R; mean 1.7% and range 0.1–6.1 for CD19RCD28), and
peripheral blood (mean 2.65% and range 0.1–5.3 for CD19R;
mean 2.2% and range 0.1–5.6 for CD19RCD28) of NSG en-
grafted with CAR-modified HSPCs (Fig. 7a, c, and d). Dif-
ferent hematopoietic lineages were successfully detected in

all arms bearing the human cell surface markers CD33, CD3,
CD56, and CD19, with CAR-positive cells present in all
lineages (Fig. 7b–d). Mean vector copy number of cells har-
vested from engrafted mice was 0.79 copies/cell (range 0.27–
1.13) for CD19R and 0.71 copies/cell (range 0.02–1.79) for
CD19RCD28.

Total leukocytes isolated from bone marrows and spleens
of NSG (nonhumanized, nontransduced, and CD19R-trans-
duced HSPCs) were incubated without any particular en-
richment in ex vivo cytotoxicity assays against target Raji cells
in ascending E:T ratios. Bone marrow cells did not present
differences in Raji cell lysis among nonhumanized NSG,
nontransduced humanized NSG, and CD19R-transduced
humanized NSG mice, with maximum lysis of less than 20%
at an 80:1 E:T ratio (Fig. 8a, upper panel). Spleen cells from
CD19R-modified humanized NSG presented higher Raji cell
lysis at all E:T ratios, well above the levels by nonhumanized
NSG and nontransduced humanized NSG, with maximum
lysis of 41.5% at an 80:1 E:T ratio (Fig. 8a, lower panel). These
results confirm antigen-specific cytotoxicity by CD19R-
modified mature cells present in the spleens of the human-
ized mice.

Tumor challenge experiments with subcutaneous injection
of CD19-positive Raji cells were performed with other ex-
perimental mice, comparing nonhumanized NSG (NSG
arm), humanized NSG engrafted with nontransduced
human HSPCs (nontransduced arm), humanized NSG en-
grafted with CD19R-transduced human HSPCs (CD19R),
and humanized NSG engrafted with CD19RCD28-transduced
human HSPCs (CD19RCD28). Injected mice were followed
with measurements of tumor volume development, and eu-
thanasia was performed when the largest diameter reached
15 mm or tumor ulceration was present, and Kaplan–Meier
estimates of time in days to euthanasia were elaborated for
all arms (Fig. 8b and c). Surviving mice were found on all
humanized arms, as opposed to nonhumanized NSG (log-
rank p-value 0.018). Mice in the CD19RCD28 arm had the
best survival curve (Fig. 8b), specifically the mice with more
than 1% of human cells detected in the peripheral blood (Fig.
8c), although statistical significance was not reached because
of the small number of study mice. Tumor volume mea-
surements (Fig. 8d) also demonstrated favorable trend for
the mice in the CD19RCD28 arm and virtually no benefit of
transduction with first-generation CD19R over the non-
transduced arm.

Discussion

HSCT is a standard medical procedure in the care of high-
risk patients with CD19-positive hematological malignan-
cies, using HSPCs of autologous or allogeneic sources
depending on the diagnosis, in an attempt to develop im-
mune response against cancer. The treatment protocols in-
clude a chemotherapy conditioning regimen, with or without
radiation, that has the dual purpose of destruction of residual
cancer cells and preparation of the bone marrow environ-
ment to allow engraftment of infused HSPCs. Introduction
of genes encoding anti-CD19 CAR into HSPCs may allow
rapid and sustained production of target-specific effector cells
of multiple leukocyte lineages, enhancing the graft-versus-
malignancy activity (Tran et al., 1995; Hege et al., 1996;
Roberts et al., 1998; Biglari et al., 2006; Esser et al., 2012).
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Furthermore, the introduction of CAR-modified HSPCs in the
HSCT context would favor effective immune response
against minimal residual malignancy, favor the engraftment
of modified cells, and decrease the probability of immuno-
genicity of the CAR constructs on the surface of effector cells.
Transduced HSPCs will yield granulocytes and monocytes

within 1–2 weeks, followed by production of NK cells in a
few months and T-lymphocytes potentially over a longer
time-course (Rappeport et al., 2011; Vatakis et al., 2011;
Kitchen et al., 2012; Giannoni et al., 2013). CAR expression by
these cells may confer enduring antileukemic immunity with
a continuously generated mix of effector cell types, as

FIG. 8. Antigen-dependent cytotoxicity targeting CD19 in the humanized NSG mouse model. (a) Leukocytes were har-
vested from bone marrows (BM) and spleens (Sp) from humanized NSG mice 32 weeks postintrahepatic injection into pups
of nontransduced human HSPCs (NT) or CD19R-transduced human HSPCs, and assayed against Raji target cells at different
E:T ratios. Leukocytes from nonhumanized NSG (NSG) were used as controls. Values represent arithmetic means of results
from two experiments and error bars represent mean + SEM. (b) Kaplan–Meier estimates in days of time to euthanasia of
study mice in the different arms: nonhumanized (NSG), humanized NSG engrafted with nontransduced human HSPCs
(nontransduced), humanized NSG engrafted with CD19R-transduced human HSPCs (CD19R), and humanized NSG en-
grafted with CD19RCD28-transduced human HSPCs (CD19RCD28). Numbers of study mice per group are shown in pa-
rentheses. (c) Kaplan–Meier estimates in days of time to euthanasia of study mice in the different arms, including only mice
with more than 1% of humanization of leukocytes on the peripheral blood (as detected by flow cytometry) in the humanized
arms. Numbers of study mice per group are shown in parentheses. (d) Diagrams of the development along time in days of
tumor volumes of subcutaneous injection of 1 · 106 CD19-positive Raji cells in study mice groups shown in (c).
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opposed to current cancer immunotherapy approach using
modified mature T-lymphocytes.

To assess the potential to modify human HSPCs with
CAR, we performed in vitro studies of human CD34-positive
cells transduced with lentiviral vectors carrying genes for a
CAR recognizing the CD19 antigen. These HSPCs were dif-
ferentiated in cytokine-driven culture systems to produce
myeloid or NK cells that may function as target-specific cy-
tolytic cells. Two different CD19-specific CAR constructs
were used: first-generation CAR containing only the CD3f
cytoplasmic domain as signal transduction moiety (CD19R),
and second-generation CAR containing the CD3f signaling
domain and the CD28 costimulatory domain (CD19RCD28).
It is known that second-generation CARs are more efficient
than first-generation constructs for target-specific activation
of modified T-cells in vitro and in vivo, but little is known
about CAR activation of myeloid and NK cells produced
from modified HSPCs.

In vitro myeloid differentiation was driven by either G-
CSF or GM-CSF, yielding mixed populations of CAR-
expressing myeloid cells, including monocytes, neutrophils,
and macrophages. In vitro differentiation of HSPC to NK
cells on OP9-DL1 stroma with IL-15 resulted in cell popu-
lations with a small percentage of CD56-positive/CD3-
negative NK cells (18–25%), with 5.5–6.5% expressing the
CAR. In vitro differentiation of modified HSPC to T-cells was
not performed, as the resulting cells are not fully mature and
may lack effector function. In vivo experiments using hu-
manized NOS/SCID/cc

- / - (NSG) mice as xenograft recip-
ients demonstrated that CAR-transduced HSPCs were able
to produce multilineage CAR-modified cells detected in bone
marrows, spleens, and peripheral blood of engrafted mice.

Differentiated cells from modified HSPCs not only dis-
played morphologic features of maturity documented by
microscopy, immunocytochemistry, and flow cytometry, but
also acquired mature functions. Myeloid cells produced
in vitro from CD34-positive cells in G-CSF or GM-CSF had
normal oxidative respiratory burst activity as assessed by the
dihydrorhodamine assay. NK cells produced from CD34-
positive cells displayed active killing of K562 cells, which are
susceptible to NK-mediated cytolysis, and CAR-bearing NK
cells showed CD19-specific activation on the IFN-c ELISPOT.

GM-CSF-differentiated myeloid cells had significantly
higher cytotoxicity, both nonspecific and antigen specific,
than G-CSF-differentiated myeloid cells. The high nonspe-
cific background cytolytic activity is most likely because of
activation of the cells by the culture conditions, with GM-
CSF having greater priming effects (Swain et al., 2002; Seely
et al., 2003) on the cells. Cytotoxicity of nontransduced NK
cells differentiated in vitro was high against all cell targets
and not antigen dependent. Nonetheless, the myeloid and
NK cells produced in vitro and expressing the CAR consis-
tently showed CD19-specific effector activity above the
background, in both cytotoxicity and antigen-specific IFN-c
ELISPOT assays. This effect was seen with both CD19-
positive Raji and CD19-K562 targets. Thus, despite the lim-
itations from the activated state of the effector cells produced
in vitro, the potential for producing non-T-cell effector cells
expressing CAR specifically mediating antigen-specific re-
activity from transduced HSPCs was demonstrated. These
results corroborate previously published evidence of activa-
tion by CAR of effector cells other than T-cells (Tran et al.,

1995; Hege et al., 1996; Roberts et al., 1998; Biglari et al., 2006;
Esser et al., 2012).

NSG pups transplanted with CAR-modified human HSPCs
presented differentiated CAR-bearing cells in bone marrow,
spleen, and peripheral blood. Ex vivo total leukocytes harvested
from spleens of NSG engrafted with CD19R-transduced human
HSPCs demonstrated antigen-specific cytotoxicity, document-
ing that CAR-modified human HSPCs gave rise to functional
CAR-modified cells that specifically targeted CD19 antigen.
CD19R-modified bone marrow cells may have failed to present
higher levels of Raji cell lysis because of cell immaturity or
presence of lower percentages of T-cell and NK cell popula-
tions. In vivo challenge of engrafted humanized NSG with
subcutaneous injection of CD19-positive Raji cells demon-
strated that there is inhibition of tumor development and
suggest potential survival advantage of mice engrafted with
HSPCs modified with second-generation CD19-specific CARs
with CD28 costimulation.

The CD19RCD28 vector was consistently made at lower
titers than the CD19R vector and had lower efficiency for
transduction of CD34-positive HSPCs (measured by viral
copy number analysis and flow cytometry) despite adjust-
ments to match the multiplicity of infection of the two vec-
tors. Neither of the CARs used in this study had detectable
effects on HSPC proliferation and/or differentiation, com-
pared with nontransduced cells. In myeloid cells differenti-
ated from HSPC transduced with either of the CARs, there
was similar specific targeting of CD19-positive cells. In NK
cells differentiated from CAR-modified HSPCs, only the
second-generation CAR (CD19RCD28) achieved specific re-
sponses to CD19-positive cells, with CD19R-transduced cells
performing similar to nontransduced cells. These findings
are in accordance with previous descriptions that second-
generation CARs containing CD28 domains (Kruschinski
et al., 2008; Pegram et al., 2008) [or other costimulatory
molecules (Altvater et al., 2009)] conferred enhanced cell ac-
tivation and specific lysis of CD19-positive targets by trans-
duced peripheral blood NK cells (Walker et al., 1999;
Kruschinski et al., 2008; Pegram et al., 2008; Altvater et al.,
2009).

There is concern that the presence of CAR in HSPCs and
their progeny cells could activate effector cells in an antigen-
independent manner, creating a nonspecific and potentially
detrimental pathway for cellular damage (Hombach et al.,
2010). Full assessment of specific functional activity was
limited by properties of the cells produced in vitro, which are
produced by culture with pharmacologic levels of cytokines.
In vivo, these cells would be produced by natural hemato-
poiesis and therefore would not be expected to be hyperac-
tive. Current clinical trials use constructs similar to the ones
used in this study for modification of mature T-lymphocytes,
and no clinical signs of chronic T-cell activation were de-
tected beyond the tumor lysis syndrome caused by tumor
burden reduction. Our results suggest that the presence of
CAR does not affect in vivo HSPC function and production
of target-specific effectors. While the long-term production of
CAR-expressing effectors is attractive as a method to achieve
persistent antileukemic immunity, regulatory elements could
be included in the transgene vector construct, such as miR-
NA or condition-specific promoters to allow CAR expression
only in specific cell state, such as T-cell activation events,
only when the cells infiltrate tumor tissues or in the presence
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of a specific cytokine milieu. In the situation of mixed chi-
merism, the presence of gene-modified cells could be termi-
nated in vivo if needed by inclusion of a suicide gene in the
vector and administration of the appropriate pro-drug. Fur-
ther in vivo studies are needed to evaluate the biology and
function of the different subpopulations of CAR-modified
leukocytes produced. Effects on the cellular progeny need to
be assessed, such as nonspecific cell activation, tissue hom-
ing, and development of immunological memory. Animals
engrafted with high levels of CAR-modified HSPCs should
be evaluated regarding the limitations of the antileukemic
activity, simulating clinical scenarios.

The data presented in this study support the concept that
modification of HSPCs with CAR is feasible, does not impair
differentiation, and leads to antigen-specific effector cells of
multiple lineages. These results provide the initial steps for
the advancement of this concept to clinical trials of immu-
notherapy of leukemias and lymphomas using transplanta-
tion of CAR-modified HPSCs.
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