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Abstract
For adoptive T cell therapy to be effective against solid tumors, tumor-specific T cells must be
able to migrate to the tumor site. One requirement for efficient migration is that the effector cells
express chemokine receptors that match the chemokines produced either by tumor or tumor-
associated cells. In this study, we investigated whether the tumor trafficking of activated T cells
(ATCs) bearing a chimeric antigen receptor specific for the tumor antigen GD2 (GD2-CAR) could
be enhanced by forced co-expression of the chemokine receptor CCR2b, since this receptor directs
migration towards CCL2, a chemokine produced by many tumors, including neuroblastoma.
Neuroblastoma cell lines (SK-N-SH and SK-N-AS) and primary tumor cells isolated from six
patients all secreted high levels of CCL2, but GD2-CAR transduced ATCs lacked expression of
CCR2 (<5%) and migrated poorly to recombinant CCL2 or tumor supernatants. Following
retroviral transduction, however, ATCs expressed high levels of CCR2b (>60%) and migrated
well in vitro. We expressed firefly luciferase in CCR2b-expressing ATCs and observed improved
homing (>10-fold) to CCL2-secreting neuroblastoma compared to CCR2 negative ATCs. As a
result, ATCs co-modified with both CCR2b and GD2-CAR had greater anti-tumor activity in vivo.
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INTRODUCTION
Adoptive immunotherapy using T cells and their derivatives has shown promise as treatment
for human malignancies(1–5), but to date the range of susceptible tumors has been limited.
One of the constraints for successful treatment is the limited trafficking of lymphocytes,
which requires effector T cells to express chemokine receptors matched with the
chemokines produced by the tumor cells or their associated elements (6). Many human
tumors produce low levels of chemokines, while others produce chemokines for which
effector T cells lack receptors. As a consequence, adoptively transferred T cells may simply
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fail to “find” the tumors. Even if limited numbers arrive at the tumor, they may be
overwhelmed by inhibitory elements of the immune system that have been recruited or
expanded by tumor associated chemokines and cytokines. For example, we gave
lymphocytes expressing a chimeric antigen receptor (CAR) specific for the GD2 tumor
associated antigen to subjects with neuroblastoma (4). Tumor biopsies showed a scanty T
cell infiltrate, and lacked a PCR signal derived from the transgenic GD2-CAR, even when
such a signal was readily detectable in peripheral blood. Since 4/8 of the study group with
measurable disease nonetheless had a tumor response or tumor necrosis, these data further
support the concept that improved migration of infused T cells to tumor sites may increase
clinical benefit.

Migration of adoptively transferred T cells to tumors is a multistep process that requires
expression of adhesion and integrin receptors for binding to the vascular wall, as well as of
chemokine receptors which detect local chemokines and initiate transmigration (7,8).
Kershaw and colleagues showed that deficiencies in T cell chemotaxis towards tumor cells
could be overcome by transgenic expression of CXCR2, which recognizes tumor produced
Gro-α (6). Similarly, Di Stasi et al demonstrated that overexpression of the chemokine
receptor CCR4 by CD30-CAR expressing T cells enhanced migration in response to
Hodgkin’s lymphoma secreted CCL17 (TARC; thymus- and activation-regulated
chemokine) in murine xenograft experiments (9). We have now determined whether the
chemokines produced by human neuroblastoma cells may be used to enhance trafficking of
GD2-specific T cells to tumors using a transgenic chemokine receptor. We expressed
transgenic CCR2b on in vitro expanded ATCs and show that ATCs engineered to co-express
both GD2-CAR and CCR2b have improved tumor specific trafficking and significantly
enhanced activity against neuroblastoma xenografts.

MATERIALS AND METHODS
Tumor cell lines

The neuroblastoma cell line LAN-1 was obtained from Dr. Seeger’s laboratory at the
University of California Los Angeles. The cell lines JF, NB275, NB281, NB246, NB142,
NB247 and NB175 were established in our laboratory. The cell lines IMR-32, SK-N-AS and
SK-N-SH were obtained from the American Type Culture Collection (Rockville, MD). All
neuroblastoma cell lines were maintained in DMEM supplemented with 10% fetal bovine
serum (FBS; Hyclone, Logan, UT) and 2 mM L-glutamine (GlutaMAX-1; Invitrogen,
Carlsbad, CA), hereafter referred to as NB media.

Chemokine ELISA
To measure the production of human CCL2, 1×106 tumor cells were plated in fresh NB
media in 6-well plates. After 24 hours incubation, the supernatant was collected and
centrifuged to remove remaining cells. We measured chemokine levels using an ELISA kit
for CCL2 (R&D Systems Minneapolis, MN) per the manufacturer’s recommendations.

Retroviral vectors and supernatant
SFG.CCR2b was constructed by PCR cloning of CCR2 isoform b (CCR2b) from human
monocytes and inserting the gene into the NcoI and MluI restriction enzyme sites of the SFG
retroviral vector to make SFG.CCR2b. As a control chemokine receptor, CCR7 was cloned
by PCR from human T cells and introduced into SFG (SFG.CCR7) at the same location. The
GD2-specific CAR, incorporating the transmembrane signaling domains of CD28, OX40
and the T cell receptor ζ-chain (SFG.14g2a.CD28.OX40L.ζ; referred hereafter as CAR), was
used as previously described (10). SFG.EGFPluciferase (EGFPluc) was constructed by
insertion of the EGFP and firefly luciferase fusion gene (Promega, Madison, WI) into SFG
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at the NcoI and MluI restriction sites. To create retroviral supernatants, we first generated
transient supernatant by co-transfecting 293T cells with the SFG vector plasmid, the Peg-
Pam-e plasmid containing the sequence for MoMLV gag-pol and the RD114 plasmid
encoding the RD114 envelope using GeneJuice (EMD Biosciences, Gibbstown, NJ)
transfection reagent as recommended by the manufacturer. Supernatant containing the
retrovirus was collected 48 hr and 72 hr after transfection.

Generation of OKT3 blasts
Following informed consent, peripheral blood mononuclear cells (PBMCs) were obtained
from healthy donors using a Baylor College of Medicine IRB approved protocol. We
generated OKT3 activated T cells and transduced them with the CAR using a protocol
described previously(11). PBMC were resuspended T cell medium (TCM) in 45% RPMI
1640, 45% Click’s media (Irvine Scientific, Santa Ana, CA) supplemented with 10% FBS, 2
mM L-glutamine and 100 U/ml IL-2 (Proleukine; Chiron, Emeryville, CA). 5×106 PBMC
were stimulated on non-tissue culture-treated 24-well plates coated with 1 μg/ml each of
OKT3 (Ortho Biotech, Raritan, NJ) and anti-CD28 antibodies (BD Biosciences, San Diego,
CA) in the presence of 100 U/ml IL-2. On day 3, activated T cells were harvested and
transduced with retrovirus vectors or expanded in media supplementedwithIL-2 as described
below.

Retroviral transduction
Non-tissue culture treated 24 well plates were coated with 7 μg/ml Retronectin(Takara Bio,
Otsu, Shiga, Japan) overnight at 4°C. The wells were washed with phosphate-buffered saline
then coated with retroviral supernatant. Subsequently, OKT3 blasts were plated at 5×105

cells per well in viral supernatant supplemented with 100 U/ml IL-2. After three days in
culture, cells were harvested and expanded in tissue culture treated plates containing TCM
plus 100 U/ml IL-2. For two or three-gene transductions, the protocol is identical to above
except the wells were coated with equal amounts of each retroviral supernatant and OKT3
blasts were then plated into each well containing equal amounts of viral supernatant
supplemented with 100U/ml IL-2.

Phenotyping
To assess the pattern of chemokine receptor expression on T cells, we used the following
monoclonal antibodies conjugated to FITC, PE, PerCP or Cy5 (Becton Dickinson
Biosciences, San Diego, CA): CD3, CD4, CD8, CCR4, CCR5, CCR7 and CXCR4. CCR2-
PE antibody was purchased from R&D Systems (Minneapolis, MN). CAR expression was
assessed using anti-F(ab′)2 (Jackson ImmunoResearch Laboratories, West Grove, PA). Cells
were analyzed using a FACSCalibur flow cytometers (BD Biosciences) and FCSExpress
software (De Novo Software, Los Angeles, CA).

Transwell migration assay
To determine if T cells expressing CCR2b had improved migration in response to CCL2, we
used transwell migration assays in which CCR2b-modified and control ATCs (non-
transduced or modified with SFG.CCR7) were labeled with 50 μCi Chromium51 (Cr51; MP
Biomedicals, Solon, OH) and 1.5×105 cells were placed into the upper chamber of 24-well
6.5 mm diameter, 5 μm pore size transwell chambers (Costar Transwell, Corning, NY).
Media alone, media containing 50 ng/ml recombinant CCL2 (R&D Systems) or supernatants
from tumor cell lines were placed in the bottom chamber. Plates were then incubated for 3
hours at 37°C. Following incubation, the cells in the bottom well were collected and
analyzed using a γ-counter (Cobra Quantum; Perkin Elmer, Shelton, CT). Specific migration
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was calculated using the following equation: Specific migration (%) = (experimental −
spontaneous [media alone])/(maximum [1.5×105 cells] − spontaneous) × 100.

Cytotoxicity and co-culture assays
We used a standard 4-hour 51Cr-release assay to confirm the ability of CAR ATCs to kill
GD2 expressing neuroblastoma cells. Briefly, the GD2 positive neuroblastoma cell lines
LAN-1 and SK-N-AS were labeled with 51Cr and co-cultured with non-transduced T cells or
with cells modified with CAR alone, CCR2b alone, or following transduction with both
CAR and CCR2b. Specific lysis was calculated using the equation (experimental lysis -
spontaneous lysis)/(maximum lysis -spontaneous lysis) × 100. To examine the ability of
CAR and CAR-CCR2b transduced T cells to control tumor growth in vitro, 1×105 GFP
transduced tumor cells were plated with increasing numbers of gene-modified allogeneic
ATCs at a 10:1 T cell to tumor cell ratio. T cell expansion and tumor cell frequency
measured after 7 days by FACS analysis using CD3 PerCP and GFP, respectively.

SCID xenograft animal model
To measure enhanced homing of CCR2b gene-modified T cells and determine if CCR2b
expression was associated with increased in vivo tumor killing by GD2-specific T cells, we
used a human neuroblastoma xenograft into severe combined immune deficient mice (SCID
[strain NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ]; Jackson Laboratory, Bar Harbor, Maine). All
mouse experiments accorded with Baylor College of Medicine Animal Husbandry and
Institutional Animal Care and Use Committee (IACUC) guidelines.

In vivo migration assay following CCR2b gene modification
To examine improved homing to CCL2-secreting neuroblastoma tumors, SCID mice were
injected subcutaneously (s.c.) in the right flank with 1×106 SK-N-SH tumor cells
resuspended in Matrigel (BD Biosciences, San Diego, CA). After establishment of the tumor
(7–10 days), two groups of mice were injected via the tail vein (intravenous; i.v.) with either
1×107 ATCs transduced with EGFPluc (control; EGFPluc) or with both CCR2b and
EGFPluc (experimental; CCR2b-EGFPluc). Following T cell infusion, mice received 1000
U/mouse recombinant human IL-2 intraperitoneally (i.p) every 2–3 days. Biodistribution of
T cells was examined by i.p. injection 150 mg/kg D-luciferin (Xenogen, Alameda, CA) at
time points of 1, 24, 48 and 72 hours and imaging using the IVIS imaging system
(Xenogen). Photon emission was analyzed by constant region-of-interest (ROI) drawn over
the tumor region and the signal measured as total photon/sec/cm2/steridian (p/s/cm2/sr) as
previously validated (12).

In vivo proliferation assay following CCR2b gene modification
To examine the effects of the CAR on ATC proliferation in vivo, SCID mice were injected
s.c. in the right flank with 1×106 SK-N-AS tumor cells resuspended in Matrigel. After
establishment of the tumor (7–10 days), two groups of mice were injected i.v. with either
1×107 ATCs transduced with the CAR and EGFPluc (control; CAR-EGFPluc) or with the
CAR, CCR2b, and EGFPluc (experimental; CAR-CCR2b-EGFPluc). Following T cell
infusion, mice received 1000 U/mouse recombinant human IL-2 i.p. every 2–3 days.
Biodistribution and expansion of T cells was examined by i.p. injection of D-luciferin on
days 1, 7, and 14 using the procedure described above.

In vivo efficacy assay following CCR2b gene modification
To determine if CCR2b gene modification improved the anti-neuroblastoma efficacy of
CAR T cells, SCID mice were injected s.c. in the right flank with 1×106 SK-N-AS-EGFPluc
(GD2 positive, CCL2 secreting neuroblastoma modified to express EGFPluc) tumor cells
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resuspended in Matrigel. Three days post-tumor inoculation, two groups of mice were
injected i.v. with either 1×107 ATCs genetically modified to express the CAR (control;
CAR) or both the CAR and CCR2b (experimental; CAR-CCR2b). Gene-modified ATCs
were then injected weekly on days 7 and 14 for a total of three ATC doses per mouse. As
described above, mice received 1000 U/mouse recombinant human IL-2 i.p. every 2–3 days
post T cell infusion. Tumor growth was monitored by bioluminescence imaging on days 0,
8, 18 and 22 using the procedure described above.

Statistical analyses
Data are expressed as means ± standard deviation. Student’s t test was used where
appropriate. Where indicated by *, P ≤ .05 was accepted as statistically significant.

RESULTS
ATCs do not express the receptor for the CCL2 chemokine secreted by NB

We first confirmed that CCL2 was secreted from neuroblastoma cell lines and primary
tumor cells obtained from biopsies. MYCN non-amplified tumor cell lines and primary
tumors (n=6) consistently secreted high concentrations of CCL2, while MYCN amplified
tumors did not (Table 1). We then measured chemokine receptor expression on CAR-
modified T cells generated from PBMCs from six subjects with neuroblastoma. CD4+ and
CD8+ ATCs expressed both CCR5 and CXCR4, the receptors for the CCL5 and CXCL12
chemokines respectively, but lacked CCR2 expression (Figure 1). Hence, CCR2 is not
amongst the chemokine receptors expressed by ex vivo expanded and gene-modified T cells.

CCR2b gene-modified ATCs migrate in response to rhCCL2 and neuroblastoma
supernatants

To determine if transgenic expression of the CCR2 receptor by CAR expressing patient T
cells could modify their ability to migrate in response to CCL2, we transduced ATCs
generated from healthy donor PBMC with retrovirus encoding either CCR2b or a control
chemokine receptor, CCR7. Analysis showed that the SFG.CCR2b, as well as SFG.CCR7,
efficiently transduced both CD4+ and CD8+ ATCs (Figures 2a and 2b). CAR ATCs lacking
CCR2 migrated poorly in response to CCL2, but following transduction with CCR2b,
migration was significantly enhanced (Figure 2c). This chemotactic response was receptor-
ligand specific since ATCs transduced with CCR2 failed to migrate in response to CCL21,
whereas control cells expressing CCR7 migrated on exposure to their ligand CCL21, but not
to CCL2 (Figure 2c). The migration of CCR2b-transduced ATCs was also increased in
response to supernatants from tumors that produced CCL2 (Table 1), so that CCR2b
transduced ATCs increased their chemotaxis in response to SK-N-SH supernatants, but did
not respond to supernatants from the lines IMR-32 and JF, which are low CCL2 producers
(Figure 2d). Importantly, migration of CCR2b ATCs was significantly increased following
exposure to supernatants from primary neuroblastoma cells obtained from three patients
(Figure 2e). Therefore, transgenic CCR2b is functional when expressed in patient T cells,
enhancing migration in response to tumor derived CCL2 chemokine.

Increased in vivo migration of CCR2b-transduced ATCs in a neuroblastoma xenograft
We established s.c. CCL2-secreting SK-N-SH tumor xenografts in SCID mice and
subsequently injected ATCs transduced either with EGFPluc (control; EGFPluc) or with
both CCR2b and EGFPluc (experimental; CCR2b-EGFPluc) intravenously. We then
measured the biodistribution of EGFPluc and CCR2b-EGFPluc ATCs over 72 hours using
bioluminescence imaging. Consistent with our in vitro observations, accumulation of
CCR2b-EGFPluc ATCs progressively increased over the initial 1–3 days of the experiment,
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while no signal from ATCs expressing EGFPluc alone were detected at the tumor site
(Figures 3a and 3b). These data suggest that the increased in vitro migratory function of
CCR2b-transduced ATCs to CCL2 is associated with similar in vivo behavior.

CAR-T cells that co-express CCR2b migrate to CCL2 in vitro and kill GD2+CCL2+

neuroblastomas
We modified ATCs to express both CAR and CCR2b and determined if they were able to
migrate to and kill GD2+ and CCL2 secreting SK-N-AS neuroblasts in vitro (Table 1). For
this experiment, the SK-N-AS cell line was used due to their known expression of GD2 and
secretion of CCL2. Co-expression of CAR did not affect the ability of transgenic CCR2b to
mediate migration of ATCs in response to either SK-N-AS supernatant or to rhCCL2
(Figure 4a) and these CCR2b ATCs were able to specifically recognize and kill SK-N-AS in
cytotoxicity assays (Figure 4b). Both ATCs transduced with either CAR or CAR-CCR2b
eliminated GD2+ GFP-expressing SK-N-AS tumor cells in 7 day co-culture assays
compared to non-transduced control ATCs (p<.05) (Figure 4c and d). Hence, SK-N-AS
produces CCL2 which can induce CAR-CCR2b ATC migration and is sensitive to killing by
CAR expressing ATCs.

CAR-CCR2bATCs home to and expand at the site of GD2+CCL2+ neuroblastoma cells in
vivo

Binding of GD2 on tumor cells by CAR induces T cell activation which results in the
production of IL-2 and proliferation (10). As shown in Figure 3, ATCs transduced with
CCR2b rapidly accumulate at the tumor site (1–3 days). To learn whether CCR2b can
augment both tumor-specific migration as well as in vivo expansion in response to GD2
recognition, we generated ATCs transduced with EGFPluc and CAR (CAR-EGFPluc) or
with EGFPluc, CAR and CCR2b (CAR-CCR2b-EGFPluc) and measured biodistribution and
expansion by bioluminescence in our xenograft model. We used flow cytometry to confirm
that both ATC populations expressed equivalent levels of EGFPluc and CAR, and that
CCR2b was only present in ATCs transduced with all three vectors (Figure 5a). We injected
CAR-EGFPluc or CAR-CCR2b-EGFPluc transduced ATCs intravenously into mice with
established subcutaneous SK-N-AS tumors. Mice also received i.p. injection of IL-2 every
2–3 days to facilitate T cell expansion, and were imaged on days 1, 7 and 14 (Figures 5b and
5c). At early time points, ATCs expressing CCR2b migrated to the tumor site, whereas
ATCs expressing CAR-EGFPluc did not. On subsequent imaging, the signal strength
continued to increase but only at the tumor sites of mice receiving CAR-CCR2b-EGFPluc.
The intensity reached by 14 days indicated local expansion of the modified T cells (p=.04).
Hence, transgenic CCR2b facilitates trafficking of CAR transduced ATCs to CCL2-
secreting neuroblastomas thus facilitating their proliferation in response to GD2 antigen
stimulation.

CAR and CCR2b ATC have enhanced killing of GD2+CCL2+ neuroblastomas in vivo
To learn whether the increased frequency of CAR-CCR2b ATCs at the tumor site enhances
the anti-tumor effects of these T cells, we measured tumor growth in SCID mice using SK-
N-AS tumor cells modified to express EGFPluc. We generated two ATC lines, one that was
transduced with CAR alone and the second that co-expressed CAR and CCR2b (CAR-
CCR2b). Flow cytometric analysis showed that CAR ATCs expressed the GD2 CAR (44%)
but not CCR2b (0.4%), whereas dual transduced ATCs expressed both CAR (32%) and
CCR2b (43%) or co-expressed CAR and CCR2b (19%) (Figure 6a). Both ATC cultures had
equivalent cytotoxicity towards SK-N-AS-EGFPluc (not shown). Following s.c. injection of
SK-N-AS, mice received their first injection of CAR or CAR-CCR2b modified ATCs when
the tumor was palpable, and subsequent tumor growth was monitored by bioluminescence
imaging. We observed significant reduction in tumor growth in mice receiving CAR-CCR2b
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modified ATCs compared to mice receiving ATCs modified with CAR alone (p=.04 day 18;
p=.02 day 22) (Figures 6b and 6c). Hence, improved migration following CCR2b transgene
expression is associated with improved elimination of GD2+CCL2+ neuroblastoma tumors
by CAR expressing ATCs.

DISCUSSION
In this study, we have demonstrated that transgenic expression of CCR2b on ex vivo
expanded ATCs dramatically enhances both in vitro and in vivo chemotaxis in response to
CCL2 produced by neuroblastoma cell lines and primary tumor cells. When the activated T
cells also express a chimeric antigen receptor directed to the tumor associated antigen GD2,
co-expression of CCR2b leads to rapid migration to a subcutaneous neuroblastoma
xenograft associated with greater anti-tumor activity than CAR expressing ATCs that lack
CCR2b

Indium111 labeling and in vivo tracking of ATCs expressing a CAR specific for the α-folate
receptor showed that these cells retained the capacity to migrate to ovarian cancer after non-
specific activation and expansion (1). Similarly, ATCs transduced with the α and β chains of
MART1 and gp100-specific T cells induced disease regression in patients with metastatic
melanoma and were present as infiltrates in tumor biopsies (13). In principle, therefore gene
modified, activated and expanded T cells can continue to migrate to tumor sites, and the
failure of migration observed in patients with tumors such as neuroblastoma suggests instead
that their absence at tumor sites may be a consequence of a mismatch between the
chemokines the tumors produce and the chemokine receptors expressed by ATC.

CCL2 is a chemokine active for CCR2 expressing T lymphocytes (14,15), NKT cells (16)
and γδ T cells(17,18), and our results indicate that transgenic expression of the CCR2
receptor is both necessary and sufficient to restore CCL2 responsiveness to T cell subsets in
which receptor expression is deficient. Our data demonstrating an absence of CCR2 on
ATCs, a lack of CCL2 responsiveness and a failure of migration to tumor sites differ from
some earlier findings in which CCR2 was detected on human ATCs (2) at a sufficient level
for CCL2-induced T cell migration in tumor bearing immune deficient mice (19). While
these differences may be explained on the basis of distinct culture conditions, including the
use of anti-CD28 antibody which may facilitate downregulation of CCR2 following TCR
activation (20), it is likely that the transgenic CCR2 is expressed at higher levels and on a
greater percentage of cells than previously reported and will likely lead to enhanced tumor
migrations even in subjects with low constitutive expression of CCR2.

More aggressive MYCN amplified tumors transcriptionally repress production of CCL2
(16,21) suggesting that CCR2b modification may be of limited value in high-risk disease.
However, of these high-risk patients(stage 3,4), approximately 70% lack MYCN
amplification (22). Further, while MYCN status is used for risk stratification, Matthay et al
showed that in those patients receiving high dose chemotherapy followed by autologous
hematopoietic stem cell rescue (AHSCT) as consolidation therapy (the current standard of
care), MYCN amplification proved to be a negative prognostic factor in overall survival
(OS) but not event-free survival (EFS) (23). This indicates that a substantial number of high-
risk patients with relapsed/refractory disease may ultimately benefit from CCL2-directed T
cell therapies.

CCL2 has also been found to be highly secreted by the tumor microenvironment in a variety
of malignancies including melanoma, sarcoma, glioma, ovarian, prostate and breast cancer
(24–29). CCL2 production is associated with increased infiltrating tumor-associated
macrophage (TAM) that promote tumor growth via cytokines such as IL-6 (30), enhance
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angiogenesis (31–33), and contribute to immune suppression through production of IL-10
(34) and recruitment of Th2 and regulatory T cells (35,36). Moreover, CCL2 is produced by
TAMs themselves, suggesting a self-amplifying loop(37). The abundance of CCL2 in solid
tumors, produced both by tumor cells and infiltrating immune cells, implies that this
chemokine pathway might be used as a generic mechanism to induce tumor-specific
migration of cytotoxic T cells for cancer treatment, irrespective of whether CCL2 is
produced by the tumor cells themselves.

Under physiological or stress conditions, CCL2 is secreted by non-malignant cells including
endothelium, fibroblasts, smooth muscle, and astrocytic and microglial cells(38). CCR2b-
modified T cells may therefore migrate to these tissues resulting in decreased antitumor
effects or unintended toxicity. The amounts and concentration of CCL2 produced at tumor
sites, however, make it probable that the bulk of effector cells will go to the tumor site. The
use of autologous virus-specific T cells transduced with the GD2-CAR may further reduce
the potential for off-target toxicity against non-tumor tissues (4).

In summary, using neuroblastoma as a model, we show that transgenic expression of a
chemokine receptor complementary to tumor-associated chemokines will enhance the ability
of ATCs to traffic to tumors and improves their anti-tumor efficacy. In principle, this
approach should be applicable to any tumor directed T cell lacking a receptor that matches
the chemokines the tumor produces.
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Figure 1. ATCs lack expression of CCR2
A) ATCs generated for adoptive cell therapy from six patients were examined for
chemokine receptor expression using a panel of antibodies to CCR2, CCR4, CCR5, CCR7
and CXCR4. ATCs were examined for chemokine receptor expression for both CD4+ (left
panel) and CD8+ T cells(right panel). Mean receptor expression is shown.
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Figure 2. Transduction of ATCs with CCR2b or CCR7 augments migration to chemokines
ATCs were transduced with SFG.CCR2b (A) or SFG.CCR7 (B) retrovirus and analyzed for
expression of the transgene by flow cytometry using CCR2 or CCR7 antibodies. C) CCR2b
or CCR7 transduced ATCs showed enhanced migration to CCL2 or CCL21, respectively, in
transwell migration assays compared to ATCs transduced with the mismatched receptor. D)
CCR2b transduced ATCs show improved migration to SK-N-SH (CCL2+) tumor
supernatant, but not to IMR-32 or JF which do not secrete CCL2. E) ATCs transduced with
CCR2b show enhanced transwell migration compared to non-transduced (NT) ATCs when
cultured with tumor supernatants taken from neuroblastoma cell lines derived from primary
patient tissue.
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Figure 3. CCR2b transduced ATCs exhibit enhanced tumor trafficking in vivo
A) SCID mice received a s.c. injection in the right flank with SK-N-SH (CCL2+) tumor cells
followed i.v. injection of ATCs transduced with EGFPluc alone, or with EGFPluc and
CCR2b. Following injection, ATCs were monitored by bioluminescence imaging for 72
hours. B) Bioluminescence was calculated by region of interest (ROI) analysis at the tumor
site.
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Figure 4. CAR-CCR2b ATCs show specificity towards GD2+ neuroblastoma and enhanced
CCL2 migration
A) ATCs modified with CAR-CCR2b shown increased migration towards SK-N-AS
supernatant and rhCCL2 compared to NT ATCs. B) ATCs transduced with CAR-CCR2b
specifically recognize and kill SK-N-AS tumor cells, whereas non-transduced (NT) control
ATCs do not. C and D) Seven day co-culture assays comparing NT ATCs with ATCs
transduced with CAR or with CAR-CCR2b at a 10:1 T cell to tumor ratio, demonstrating
complete elimination of GFP+ SK-N-AS tumor cells by CAR and CAR-CCR2b transduced
ATCs, respectively, but not by NT ATCs.
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Figure 5. CAR-CCR2b ATCs show enhanced homing and expansion at the tumor site
A) ATCs were transduced with EGFPluc and either CAR (middle panel) or CAR and
CCR2b (right panel) and analyzed by FACS for EGFP, CAR (F(ab′)2 Cy5 antibody) and
CCR2b (CCR2 PE). B) SCID mice received SK-N-AS tumor cells s.c. in the right flank
followed by i.v. injection of CAR-EGFPluc or CAR-CCR2b-EGFPluc gene-modified ATCs
7 days later. C) Mice were imaged for bioluminescence using tumor ROI on days 1, 7, and
14 showing enhanced homing and expansion of CAR-CCR2b-EGFPluc modified ATCs
compared to ATCs modified only with CAR-EGFPluc.

Craddock et al. Page 15

J Immunother. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. CAR-CCR2b ATCs show enhanced anti-tumor effect
A) ATCs cells were transduced with either CAR (middle panel) or CAR and CCR2b (right
panel) and analyzed by FACS for expression of CAR (by F(ab′)2 FITC antibody; y-axis)
and CCR2 (CCR2 PE; x-axis) indicating that both T cell populations express equivalent
CAR but only CCR2b gene-modified ATCs express CCR2. B and C) SCID mice received
an s.c. injection right flank of SK-N-AS modified to express EGFPluc followed by i.v.
injection of either CAR (left panel) or CAR-CCR2b (right panel) and measured for tumor
growth by bioluminescence on days 0, 8, 18 and 22. CAR-CCR2b ATCs showed significant
(P<.05) inhibition of tumor growth compared to ATCs modified with CAR alone.
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Table 1

Neuroblastoma cell line characteristics.

Cell Line CCL2 (pg/ml) GD2%/MFI Myc-N Status

A. Established cell lines

 IMR-32 36 ± 3 79%/75 Amplified

 JF 40 ± 1 82%/89.8 Amplified

 LA-N-1 79 ± 5 85%/97.3 Amplified

 SK-N-AS > 2000 47%/7.5 Non-amplified

 SK-N-SH > 2000 6%/0.1 Non-amplified

B. Primary cell lines

 P142 1393 60%/29.2 Non-amplified

 P175 457 39%/4.9 Mixed

 P246 1600 n.d. n.d.

 P247 932 34 n.d.

 P275 5929 n.d. Non-amplified

 P283 1530 8%/0.1 Non-amplified

*
n.d., not determined
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