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Va24-invariant natural killer T (NKT) cells are potentially important for antitumor immunity. We and oth-
ers have previously demonstrated positive associations between NKT cell presence in primary tumors and
long-term survival in distinct human cancers. However, the mechanism by which aggressive tumors avoid
infiltration with NKT and other T cells remains poorly understood. Here, we report that the v-myc myelocy-
tomatosis viral related oncogene, neuroblastoma derived (MYCN), the hallmark of aggressive neuroblastoma,
repressed expression of monocyte chemoattractant protein-1/CC chemokine ligand 2 (MCP-1/CCL2), a che-
mokine required for NKT cell chemoattraction. MYCN knockdown in MYCN-amplified neuroblastoma cell
lines restored CCL2 production and NKT cell chemoattraction. Unlike other oncogenes, MYCN repressed
chemokine expression in a STAT3-independent manner, requiring an E-box element in the CCL2 promoter to
mediate transcriptional repression. MYCN overexpression in neuroblastoma xenografts in NOD/SCID mice
severely inhibited their ability to attract human NKT cells, T cells, and monocytes. Patients with MYCN-ampli-
fied neuroblastoma metastatic to bone marrow had 4-fold fewer NKT cells in their bone marrow than did their
nonamplified counterparts, indicating that the MYCN-mediated immune escape mechanism, which we believe
to be novel, is operative in metastatic cancer and should be considered in tumor immunobiology and for the

development of new therapeutic strategies.

Introduction

Vo24-invariant natural killer T (NKT) cells comprise an evolu-
tionarily conserved sublineage of T cells that is characterized by
reactivity to self- and microbial-derived glycolipids presented by
the monomorphic HLA class I-like molecule CD1d. NKT cells may
serve as an early source of cytokines that provide initial signals
for other cells of the immune system to initiate innate and adap-
tive responses (1, 2). The potential of NKT cells has been demon-
strated in numerous models of cancer (3, 4). Selective decreases of
NKT cell number and/or functional activity have been reported in
patients with diverse types of cancer (5-7), and a recent study dem-
onstrated that low levels of circulating NKT cells predict a poor
clinical outcome in patients with head and neck squamous cell
carcinoma (8). We previously demonstrated that NKT cells infil-
trated primary tumors in a subset of patients with stage 4 neuro-
blastoma and that this was associated with 2-fold longer disease-
free survival (9). Another recent study demonstrated that NKT cell
infiltration in primary tumors served as an independent factor of
favorable outcome in patients with colorectal cancers (10). These
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findings suggest that NKT cell localization to the tumor site may
be important for the initiation of effective antitumor immune
responses. Hence, tumors may acquire strategies to avoid NKT
cells via as-yet-unknown mechanisms.

Accumulating evidence suggests that oncogenic signaling may not
only provide a cell-intrinsic advantage for tumor cells, but also medi-
ate immune evasion (11). In particular, STAT3 is frequently activat-
ed in diverse types of cancer, causes tumor growth, and mediates
profound immune suppression by inhibiting the expression of che-
mokines required for immune effector cell migration to the tumor
site and by inducing immunosuppressive factors, such as IL-10
and VEGEF, that inhibit DC differentiation and maturation (12).

In a recent report, we demonstrated that NKT cells failed to
localize to primary neuroblastoma tumors that expressed high
levels of the v-myc myelocytomatosis viral related oncogene, neu-
roblastoma derived (MYCN) protooncogene (9). We also observed
an inverse correlation between the RNA levels of MYCN and mono-
cyte chemoattractant protein-1/CC chemokine ligand 2 (MCP-1/
CCL2). CCL2 is a prototypic inflammatory chemokine, which was
initially described as a major chemoattractant for monocytes (13,
14) and later demonstrated to be one of the most potent chemo-
kines for both CD4 and CD8 effector-memory a/f T cells, v/6
T cells (15, 16), and NKT cells (17, 18) that express its receptor, CC
chemokine receptor 2 (CCR2). We showed that CCL2 was required
for NKT cell chemoattraction by neuroblastoma cells in vitro (9).

These data suggested that MYCN might be involved in the mech-
anism of immune escape in neuroblastoma. MYC family tran-
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scription factors are highly conserved evolutionarily from yeast
to mammals (19). Three members of the family (MYCC, MYCN,
and MYCL) are protooncogenes; their expression has been linked
to a wide variety of cancers (20, 21). MYCN is overexpressed as a
result of genomic amplification in 25% of patients with neuroblas-
toma, and these patients have unfavorable prognoses regardless
of other parameters (22). MYCN activates transcription of genes
involved in cell-cycle progression (23) and represses genes that
induce cell differentiation (24). Little is known, however, about
MYCN involvement in the regulation of immunologically relevant
genes. In this study, we investigated the cause-effect relationship
among MYCN, CCL2, and NKT cell localization to the tumor site.
We demonstrate that MYCN, via repression of CCL2 expression in
neuroblastoma cells, prevented NKT cell localization to the tumor
site in an in vivo model of neuroblastoma and in patients with
metastatic disease.

Results

MYCN overexpression abrogates CCL2 expression in neuroblastoma cells
and NKT cell chemoattraction. To test whether MYCN negatively regu-
lates MCP-1/CCL2 expression in neuroblastoma cells, we transduced
MYCN-low, CCL2-high neuroblastoma cell line CHLA-255 with
MYCN cDNA using a lentiviral expression vector. After selection
and expansion, cells stably expressed high levels of MYCN that were
comparable to those in MYCN-amplified primary neuroblastoma
cells or cell lines (Figure 1A and Figure 2A). MYCN overexpression
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Figure 1

MYCN represses CCL2 expression and inhibits the chemoattraction
of NKT and T cells. CHLA-255 neuroblastoma cells were stably trans-
duced with MYCN cDNA or empty vector control. (A) Representa-
tive Western blot analysis of MYCN protein in the nuclear extracts
from indicated cells. (B) CCL2 RNA expression was quantified by
TagMan RT-PCR,; values are relative to expression in parental cells.
Results are mean + SD from 3 experiments. (C) CBA analysis. Five
indicated chemokines were measured in supernatants collected after
24 hours’ culture of 80% confluent cells. Chemokine concentration is
proportional to the fluorescence intensity on the x axis and was cal-
culated by standard curve analysis. Concentrations above 20 pg/ml
are shown. (D) The same supernatants as in C were placed in lower
chambers of dual-chamber plates with 5-um pore membrane. Freshly
isolated human monocyte-depleted PBLs were added in upper cham-
bers and allowed to migrate for 4 hours. Absolute numbers of NKT
and T cells were determined by flow cytometry using CD3/6B11
staining and TruCOUNT tubes with a known number of beads (see
Methods). Percent migration reflects the proportion of migrated cells
relative to input cells. Specific migration was calculated by subtract-
ing the number of cells that migrated to control medium. Results are
mean = SD from 4 experiments.

in CHLA-255 cells (CHLA-255/MYCN) resulted in a more than
100-fold decrease of CCL2 RNA expression, as assessed by quan-
titative RT-PCR, compared with that in vector control or parental
cells (Figure 1B). Multiplexing cytometric bead array (CBA) analy-
sis revealed that MYCN overexpression led to a 33-fold decrease of
CCL2 protein secretion in CHLA-255 cells (Figure 1C). In addition,
modest expression of CXC chemokine ligand 8/IL-8 (CXCL8/IL-8)
in these cells was abrogated after MYCN overexpression, while the
levels of 3 other measured chemokines (CCL5/RANTES, CCL3/
MIP1a, and CCL4/MIP1f) remained undetectable regardless of
MYCN status. To examine whether MYCN overexpression in neu-
roblastoma cells affects their chemoattractive potential, we per-
formed in vitro migration assay with freshly isolated peripheral
blood lymphocytes (PBLs). We counted the absolute number of
migrating T and NKT cells by fluorescence-activated cell sorting
(FACS) using TruCOUNT tubes with a known number of pre-
loaded beads as we previously described (9, 25). We also quantified
migration of monocytes (defined by scatter parameters and CD14
expression) from PBMCs in separate experiments, because these
cells were the first to migrate to CCL2 and might influence sub-
sequent migration of other leukocytes (Supplemental Figure 1A).
The supernatants from CHLA-255/MYCN cells had minimal che-
moattractive activity for NKT cells, T cells, or monocytes, whereas
on average 35% of NKT cells, 15% of T lymphocytes, and 46% of
monocytes migrated toward supernatants from the parental or
vector control neuroblastoma cells (P < 0.001; Figure 1D). There-
fore, MYCN repressed CCL2 expression in neuroblastoma cells that
rendered them nearly incapable of chemoattracting NKT cells,
T cells, and monocytes. The reduction of NKT cell number in
MYCN-amplified tumors could also be explained if MYCN overex-
pression rendered neuroblastoma cells cytotoxic against infiltrat-
ing NKT cells. To test this possibility, we cocultured CHLA-255
and CHLA-255/MYCN neuroblastoma cells with PBMCs (up to a
1:1 ratio) and examined induction of apoptosis in T and NKT cells
by FACS using annexin V staining in combination with anti-CD3
and anti-Vo24-Ja18 (6B11) mAbs, respectively, as we previously
described (25). No toxicity was observed either against primary T
or NKT cell in 24 hours of culture (data not shown).
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MYCN knockdown induces CCL2 expression in neuroblastoma cells and
NKT cell chemoattraction. To examine whether MYCN is required
for the control of neuroblastoma cell potential to chemoattract
NKT cells, we used an enhanced GFP-containing (EGFP-contain-
ing), lentiviral vector-delivered short hairpin RNA (shRNA) to
knock down MYCN expression in SK-N-BE(2) and LA-N-1 MYCN-
amplified cell lines. EGFP-positive cells were sorted by FACS; after
expansion, these cells demonstrated 80%-95% MYCN downregula-
tion by Western blot analysis (Figure 2A). After MYCN knockdown
(MYCNKkd), cells grew at a 4- to 8-fold slower rate and, unlike their
parental or vector control counterparts, failed to establish tumor
xenografts in NOD/SCID mice (data not shown). Quantitative
RT-PCR analysis revealed a 65- to 930-fold increase of CCL2 RNA
expression in MYCNKkd cells compared with that of parental or
vector control cells (Figure 2B). CBA analysis showed a 30-fold
upregulation of CCL2 secretion in SK-N-BE(2)/MYCNKkd cells
(Figure 2C). CXCL8 production was also induced after MYCNkd,
whereas the levels of 3 other tested chemokines (CCLS5, CCL3, and
CCL4) remained undetectable. Despite the increase in CCL2 RNA
2704
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Figure 2

MYCNkd induces CCL2 expression in neuroblastoma cells and NKT
cell chemoattraction. SK-N-BE(2) and LA-N-1 MYCN-amplified neuro-
blastoma cell lines were stably transduced with MYCN shRNA using
a U6 expression cassette into pHIV-7-EGFP lentiviral plasmid. (A)
Representative Western blot analysis of MYCN protein in the nuclear
extracts from indicated cells. Lane 1, parental; lane 2, vector control;
lane 3, MYCN shRNA. (B) CCL2 RNA expression was quantified by
TagMan RT-PCR; values are relative to expression in parental cells.
Results are mean + SD from 3 experiments. (C) CBA analysis was
performed with supernatants of vector control or MYCN shRNA-trans-
duced SK-N-BE(2) cells as described in Figure 1C. (D) Migration of
freshly isolated PBLs to the neuroblastoma cell supernatants with the
indicated conditions was performed as described in Figure 1C. Where
indicated, supernatants were pretreated for 1 hour with neutralizing
anti-CCL2, anti-CXCL8, or isotype control (IgG1) mAb. Results are
mean + SD from 3 experiments.

expression in both cell lines, LA-N-1/MYCNKkd cells failed to pro-
duce CCL2 protein (data not shown). In the analysis of PBL in vitro
chemoattraction, we found that NKT cell migration to the super-
natant from SK-N-BE(2)/MYCNKkd cells increased 5-fold com-
pared with vector control cells (P < 0.001); this effect was reversed
by anti-CCL2 mAb but not by anti-CXCL8 neutralizing mADb (Fig-
ure 2D). The migration of other T cells (Figure 2D) and monocytes
(Supplemental Figure 1B) also increased from mean values of 7%
and 10% to 18% and 39%, respectively (P < 0.001). Therefore, in
MYCN-amplified neuroblastoma cells, MYCN controls their abil-
ity to chemoattract NKT cells, T cells, and monocytes.

MYCN does not affect STAT3 and represses CCL2 via direct binding to its
promoter. Two recent reports demonstrated that constitutive activa-
tion of the STAT3 signaling pathway couples oncogenic transfor-
mation with immune escape via repression of chemokine genes in
tumor cells and, via soluble mediators, inhibition of DC activation
or maturation (26, 27). Therefore, we tested whether MYCN affects
STAT3 expression and activation in neuroblastoma cells. Western
blot analysis showed that MYCN overexpression in CHLA-255
cells affected neither the level of STAT3 protein expression nor its
phosphorylation status (Figure 3A), whereas treatment with IL-6
induced rapid STAT3 phosphorylation, demonstrating that this
pathway is intact in neuroblastoma cells. Furthermore, superna-
tants from either parental or MYCN-transduced neuroblastoma
cells had no or little stimulatory effect on human DCs (increased
mean CD86 expression in CD86" cells) derived from peripheral
blood monocytes, whereas supernatant from IL-6-treated parental
cells decreased DC size (forward scatter) by nearly 20% (P < 0.01;
data not shown) and significantly downregulated CD86 expres-
sion on the DC surface compared with supernatants from untreat-
ed CHLA-255 cells (P < 0.001; Figure 3B).

Although in most cases MYC members act as transcriptional acti-
vators, they can also mediate repression of some genes via binding
to E-box or initiator-like (INR-like) elements (28, 29). Using the
GenBank database (http://www.ncbi.nlm.nih.gov/Genbank/), we
analyzed the CCL2 promoter/enhancer region and detected 1 E-box
(CATGTG) and 3 INR elements (CTCACTTCT, TTCACCTTC, and
CCCATCCTCCC) that were located at positions -2,713, 2,595,
-2,474, and -225, respectively. The mechanism of MYC-mediated
repression is often associated with MYC interaction with an acti-
vating transcription factor that binds to the same or a nearby site
on the promoter (24). To test whether an E-box-containing site of
the CCL2 promoter is required for CCL2 expression and/or MYCN-
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mediated repression in neuroblastoma cells, we cut a 200-bp
E-box-containing region from the 2.8-kb CCL2 promoter con-
struct. The remaining 2.6-kb promoter region containing all 3
INR sites almost completely lost activity in CHLA-255 cells in the
promoter assay (Figure 4A), indicating that the E-box-containing
region is required for CCL2 expression. In CHLA-255/MYCN cells,
the promoter activity was lost even with the 2.8-kb E-box-con-
taining construct, suggesting that MYCN may bind to E-box and
interfere with an activating factor. EMSA revealed strong binding
of the E-box DNA probe to the nuclear extract from MYCN-over-
expressing cells, whereas little binding (consistent with the native
single-copy MYCN expression) was observed to the extract of vec-
tor control cells (Figure 4B). E-box specificity was confirmed by
competition with a nonlabeled E-box probe. Anti-MYCN mAb, but
not isotype control mAb, prevented the appearance of the E-box-
specific band, indicating that this DNA-protein complex contains
MYCN (Figure 4B). In contrast, specific probes for each of 3 INR
sites (Figure 4C) and a proximal SP1 site (data not shown) failed
to bind MYCN in the same conditions. Therefore, MYCN binds to
an E-box, a consensus MYC family site, in the CCL2 promoter and
represses its activity in neuroblastoma cells.

NKT and T cells fail to infiltrate MYCN-overexpressing neuroblastoma
xenografts in BM of NOD/SCID mice. Because bone/BM is the most
common site for metastases and disease recurrence in neuroblasto-
ma and many other types of cancer, we used a previously described
bone/BM model of neuroblastoma (30) to test the in vivo effect of
MYCN on NKT cell localization to the tumor site. We inoculated
xenografts of parental CHLA-255 cells and CHLA-255/MYCN cells
in the BM cavities of left and right femurs of the same NOD/SCID
mice (Figure 5A). After 4 weeks, in vitro-expanded human NKT
cells were injected i.v. together with PBMCs (1:10 ratio, 5 x 107 total
cells). Mice were sacrificed 24 hours after PBMC transfer because
our kinetics experiments (data not shown) and a recent report (31)
indicated that the majority of human leukocytes, including NKT
cells, reach BM in NOD/SCID mice by 24 hours. The numbers of
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Figure 3

MYCN neither activates STAT3 nor affects DC phenotype. (A) Lysates
from parental, vector-, or MYCN-transduced CHLA-255 cells were
examined for phosphorylated STAT3 (p-STAT3) and for STAT3 by
Western blot. Treatment with recombinant human IL-6 (10 ng/ml for
15 minutes) was used as a positive control. (B) Flow cytometric analy-
sis of viable DCs generated in one-half volume conditioned medium
from indicated neuroblastoma cells. One-half volume Iscove’s modified
Dulbecco’s medium and conditioned medium from IL-6—treated (24
hours) CHLA-255 cells were used as negative and positive controls,
respectively. Numbers in plots denote percent CD80+CD86+ cells.
Shown are representative plots from 3 experiments.

neuroblastoma cells and human leukocytes, including lymphocyte
subsets and monocytes, were examined in BM of both femurs and
in tumor-free tibias as a control using multicolor flow cytometry
(Figure SA and Supplemental Figures 2-4). We tested the null
hypothesis that the percentage of human leukocytes among mouse
BM cells would be unaffected by the presence of neuroblastoma
cells and their MYCN status. The results demonstrate that despite
a slightly higher frequency of CHLA-255/MYCN cells compared
with CHLA-25S5 cells (difference between means, 5.2% + 1.7%;
P=0.006, Student’s t test), the rate of leukocyte infiltration was sig-
nificantly lower in the femur with the CHLA-255/MYCN cells. The
presence of CHLA-255 cells in the mouse BM enhanced infiltra-
tion with human T and NKT cells by more than 10-fold compared
with control (mean T cells, 1.52% versus 0.14%; mean NKT cells,
0.047% versus 0.0043%; P < 0.0001 for both comparisons, paired
Student’s ¢ test). In contrast, the presence of CHLA-255/MYCN
cells only slightly enhanced T cell (mean, 0.225% versus 0.14%;
P =0.043) and NKT cell (0.0087% versus 0.0043%; P = 0.021, respec-
tively) infiltration. The mean differences in the percentage of T and
NKT cells between CHLA-255 and CHLA-255/MYCN sites were
both significant (P < 0.0001).

In contrast to input PBMC plus NKT preparation, in which
CD3" T/NKT cells constituted about 75% of lymphocytes, BM-
infiltrating lymphocytes were almost exclusively CD3* cells.
There was 3-fold enrichment of CD3* cells with CD45RA-CCR7-
phenotype (Supplemental Figure 2), which is characteristic for
effector-memory T cells and all NKT cells (18, 32). We did not
find significant changes in the distribution of CD4/CDS8 subsets
in T and NKT cells in BM versus input cells (Supplemental Fig-
ure 3). The presence of neuroblastoma cells or their MYCN status
had no significant effect on the subset distribution, although
very low frequencies of human leukocytes in control and CHLA-
255/MYCN BM decreased the accuracy of subset discrimination
(data not shown).

Human monocytes were identified as CD3-CD14" cells after gat-
ing on human CD45* leukocytes (Supplemental Figure 4). Regard-
less of the experimental conditions, about 99% of non-T/NKT
leukocytes that infiltrated murine BM were monocytes. As shown
in Figure 5B, we observed a 9.6-fold increase in monocyte infil-
tration in CHLA-255 versus control BM (0.134% versus 0.014%;
P <0.0001) and a 1.9-fold increase in CHLA-255/MYCN versus
control BM (0.027% versus 0.014%; P = 0.052). The frequencies
of B (CD45*CD3-CD19*) and NK (CD45*CD3-CDS56%) cells were
beyond the threshold of FACS resolution (data not shown).

Thus, following adoptive transfer of human PBMCs, effector-
memory T cells, NKT cells, and monocytes selectively migrated to
the murine BM, and their migration was enhanced by MYCN non-
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Figure 4

MYCN directly binds CCL2 promoter. (A) CCL2 promoter cDNA constructs with (2.8 kb) and with-
out (2.6 kb) E-box site were fused with a Firefly luciferase cDNA. A pGL3 plasmid containing only
Firefly luciferase cDNA was used as a negative control. CHLA-255 or CHLA-255/MYCN cells were
transiently cotransfected with the indicated constructs and pRLSV40 plasmid containing Renilla
luciferase cDNA as an internal control. The activity of CCL2 promoter was detected in a dual-lucif-
erase assay and expressed as a ratio of Firefly to Renilla luciferase luminescence intensity. (B)
Nuclear extract from neuroblastoma cells was analyzed by EMSA with biotinylated E-box probe
from CCL2 promoter. Lane 1, free probe; lane 2, nonbiotin (cold) probe plus probe plus CHLA-
255/MYCN; lane 3, probe plus CHLA-255/vector; lane 4, probe plus CHLA-255/MYCN; lane 5,
probe plus CHLA-255/MYCN plus anti-MYCN mAb; lane 6, probe plus CHLA-255/MYCN plus IgG
control. Data are representative of 6 experiments. (C) Nuclear extract from CHLA-255/MYCN was
analyzed by EMSA with E-box probe as above (positive control) or with INR probes. Lane 1, free
E-box probe; lane 2, E-box probe plus CHLA-255/MYCN; lanes 3, 5, and 7, free probes for INR-1,
INR-2, and INR-3, respectively; lanes 4, 6, and 8, CHLA-255/MYCN plus probes for INR-1, INR-2,

and INR-3, respectively. Data are representative of 3 experiments.

amplified neuroblastoma xenograft. MYCN overexpression drasti-
cally reduced the ability of neuroblastoma cells to attract these leu-
kocyte subsets to the tumor site in a NOD/SCID mouse model.

CCL2 is required for NKT and T cell localization to the neuroblastoma
xenografts in BM of NOD/SCID mice. To examine whether leukocyte
migration to BM containing CHLA-255 cells depends on CCL2 or
CXCLS8, we treated mice with anti-human CCL2 or CXCL8 neutral-
izing antibodies 24 hours before adoptive transfer of human leuko-
cytes. Figure 6 demonstrates that anti-CCL2 mAD inhibited migra-
tion of T cells, NKT cells, and monocytes by 69.4%, 76.9%, and 87.9%,
respectively (P < 0.001). Neither IgG control nor anti-CXCL8 anti-
bodies had a significant effect on leukocyte migration. This finding
indicates that CCL2 is required for the ability of neuroblastoma cells
to attract these leukocyte subsets in vivo and that MYCN-mediated
repression of the CCL2 gene explains the failure of leukocyte migra-
tion to MYCN-overexpressing neuroblastoma xenografts.

NKT cell number is decreased in BM of patients with MYCN-amplified
neuroblastoma metastatic to the BM. In order to test the clinical rele-
vance of the potential of MYCN to repress CCL2 expression in neu-
roblastoma and prevent NKT cell localization to the metastatic site
in BM, we examined T, NKT, and NK cell frequency in BM speci-
mens from 15 patients with neuroblastoma (6 MYCN-amplified
and 9 nonamplified) that had at least 10% tumor cells in BM by
immunocytology testing. Specimens from 10 patients with stage
4 neuroblastoma without detectable BM metastases (4 MYCN-
amplified and 6 nonamplified) served as control. We used the same
2706
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imens (0.11% + 0.12%; P < 0.01; Figure
7A). In contrast, the difference in NKT
frequency between patients with MYCN-
amplified BM metastatic neuroblastoma
and control patients was not significant
(P = 0.3). The majority (80% = 4.3%) of
BM-infiltrating NKT cells were CD4",
which is consistent with the prevalence
of this subset early in life (33). The fre-
quency of NKT cells in the control group
(tumor-free BM) did not differ between
MYCN-amplified and nonamplified
specimens (data not shown). In contrast
to NKT cells, the frequency of conven-
tional T cells (Figure 7B) and monocytes
(data not shown) did not differ among
all 3 groups of patients. NK cells were
very rare (less than 0.2%) and also did
not differ among the groups (data not
shown). Although we could not obtain
matching peripheral blood specimens
from the same patients to exclude the
possibility of a general increase of NKT
cell number in nonamplified neuroblas-
tomas, we have previously demonstrated
that NKT cell frequency in patients with
neuroblastoma, regardless of MYCN
status, was equal to that in healthy volunteers (9). These data are
consistent with our experimental findings indicating that MYCN
represses CCL2 expression in neuroblastoma cells and prevents the
recruitment of NKT cells to the site of disease, thus contributing
to a microenvironment favorable to disease progression.

¢ MYCN

- Free probe

Discussion
This study reveals a cause-effect relationship between overexpres-
sion of a prognostically relevant oncogene, MYCN, in tumor cells
and the failure of a selective subset of innate lymphocytes, NKT
cells, to localize to the site of disease both in experimental ani-
mal models and in patients with metastatic neuroblastoma. Using
gain-of-function and loss-of-function approaches, we demon-
strated, for the first time to our knowledge, that MYCN negatively
regulated the promoter activity of CCL2, a key chemokine that
attracts NKT and effector-memory T cells (9, 15, 18). Unlike pre-
viously described oncogene-driven immune escape pathways (26,
27), MYCN action in neuroblastoma cells neither activated STAT3
signaling nor caused suppression of DC maturation. Therefore,
MYCN-mediated tumorigenesis is coupled with what we believe
to be a novel mode of the immune escape.

The results of this study suggest that MYCN oncogene expres-
sion may provide an advantage to the tumor by avoiding NKT cells.
Although NKT cells are not directly cytotoxic against CD1d" neu-
roblastoma cells (34), mounting evidence from the experimental
models shows that NKT cells may provide an initial source of pro-
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inflammatory cytokines (IFN-y, TNF-a,, GM-SCF, IL-4, and IL-2)
and surface-bound activatory molecules (CD40 ligand) that stimu-
late DC maturation and IL-12 production followed by activation
of NK cells and more efficient generation of antigen-specific T cells
(3,4,35,36). Tumor growth is often associated with innate inflam-
matory responses that may or may not lead to the generation of
protective tumor antigen-specific T cells (37, 38). In the absence
of productive adaptive immunity, chemokines and growth factors
produced in the course of chronic inflammation may promote
tumor growth, stimulate angiogenesis, and decrease tumor suscep-
tibility to drugs (39). The importance of a link between innate and
adaptive immunity has been demonstrated in many experimental
cancer models (40, 41), and there is now convincing evidence of
an association between favorable prognosis and tumor infiltration
by effector-memory T cells in different types of cancer (42, 43). A
recent large study of 415 samples from patients with colon cancer
demonstrated that patients whose tumors had a high density of
tumor-infiltrating CD45RO" effector-memory T cells had a more
than 3-fold higher rate of disease-free and overall long-term sur-
vival compared with those patients with tumors containing a low
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Figure 5

MYCN regulates NKT cell localization to neuroblastoma xenografts
in BM of NOD/SCID mice. (A) CHLA-255 and CHLA-255/MYCN
neuroblastoma cells were injected into the bone cavities of left and
right femurs in NOD/SCID mice, and 4 weeks later in vitro—expanded
human NKT cells were injected i.v. together with human PBMCs (1:10
ratio, 5 x 107 total cells). Mice were sacrificed after 24 hours, and BM
from the indicated sources was analyzed by 5-color flow cytometry.
After exclusion of DAPI+ dead cells, the neuroblastoma (NB) cells and
leukocytes (Leuk) were identified as CD56*CD45- and CD45+ events,
respectively. T cells (CD3+6B11-) and NKT cells (CD3+6B11+) were
analyzed after gating on CD45+ region. BM of tumor-free tibias served
as control. Numbers within parentheses and brackets represent per-
centages of all viable cells (DAPI-) and of leukocytes, respectively.
Data are from a representative individual mouse. ND, not detected. (B)
Scatter plot of T, NKT cell, and monocyte (Mono) frequency among all
non-neuroblastoma cells in BM from individual mice as indicated in 3
different experiments. Data are mean + SEM from 16 animals.

density of CD45RO" cells (44). The selective migration of NKT and
CD45RA-CCR7" T cells in our mouse model are consistent with
previous reports that NKT cells have a trafficking pattern very simi-
lar to that of effector-memory T cells (17, 18). Although Pages et al.
did not examine NKT cells among tumor-infiltrating CD45RO* T
cells (44), another report demonstrated that NKT cell infiltration in
primary colorectal tumors represents an independent factor of the
favorable outcome (10). Therefore, by preventing NKT cell localiza-
tion to the tumor site, as we showed in patients with neuroblas-
toma, or by affecting their functional properties, as has been shown
in patients with myeloma (7), tumor may disrupt a natural bridge
between innate inflammation and adaptive immune responses that
may be essential for tumor progression.

We demonstrated that, in contrast to other immunosuppres-
sive oncogenes (26, 27), MYCN targeted the ability of tumor cells
to chemoattract NKT cells without inducing factors that would
directly affect lymphocyte viability or DC function. However, we
cannot exclude the possibility that MYCN could indirectly medi-
ate killing of tumor-infiltrating T or NKT cells in vivo. Because
murine microenvironment may not be appropriate to study indi-
rect effects mediated by human cells, we are now in the process
of adapting a humanized mouse model engrafted with human
CD34* hematopoietic precursors to investigate this issue.

The importance of NKT cell trafficking to the site of disease has
been demonstrated in various pathological conditions. For exam-
ple, NKT cells that were recruited by Ccl2 to the lungs mediated
a delayed-type hypersensitivity response in a model of pulmonary
infection with Cryptococcus neoformans (45). Selective genetic dele-
tion of NKT cells in Jo.187/- mice suppressed Th1 responses and
prevented clearance of the infection. Ccl2 production preceded
NKT cell-mediated inflammatory responses in wild-type mice,
whereas the lack of lung infiltration with NKT cells in Cc/27/- mice,
although NKT cells remained functional, was associated with a
failure to develop protective immunity against the fungus (46).
Our data strongly suggest that by repressing CCL2, a key chemo-
kine responsible for NKT cell chemoattraction, MYCN may effec-
tively prevent NKT cell function in neuroblastoma. It is still likely
that other factors contribute to NKT cell localization to the tumor.
In our previous report, we performed gene expression analysis of
43 chemokine genes in primary neuroblastomas and found that 3
other chemokines (CCLS, CXCL12, and CCL21) weakly correlated
with NKT cell infiltration (9). However, these chemokines were
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CCL2 is required for leukocyte migration to neuroblastoma xenografts
in BM of NOD/SCID mice. Xenografts of CHLA-255 neuroblastoma
cells were grown in femurs of NOD/SCID mice for 4 weeks. Neutral-
izing antibodies against CCL2, CXCLS8, or isotype control (IgG) at 20
ug per mouse were injected i.p. 24 hours before adoptive transfer of
human PBMCs, with subsequent analysis of leukocyte migration as
in Figure 5. Data are mean + SD from 5 experiments. Each experi-
ment included all groups, with 1 mouse per group and PBMCs from
the same donor.

found at very low or undetectable levels in the cell lines, and corre-
sponding blocking antibodies did not inhibit NKT or T cell migra-
tion. Therefore, to our knowledge there is currently no evidence for
the role of other chemokines and/or cytokines in the direct tumor
cell-mediated chemoattraction of NKT or T cells. We hypothesize
that tcumor stroma is the main source of these chemokines and
other factors that may shape NKT trafficking in neuroblastoma
and other types of cancer.

MYCN may play an etiologic role at least in a subset of aggres-
sive neuroblastomas, because neuroectodermal-specific expression
of this oncogene leads to the development of neuroblastoma-like
disease in transgenic mice (47). This suggests that MYCN-driven
active suppression of NKT cell localization to the tumor site could
be as early and as essential a step in oncogenesis as the loss of the
growth control. Moreover, accumulating evidence suggests that
effective immune escape is a general requirement for oncogene-
mediated tumorigenesis and tumor progression. For example,
an aberrant activation of a common STAT3-mediated oncogenic
signaling pathway has been recognized in a variety of human can-
cers to cause negative regulation of inflammatory responses and
suppression of the crosstalk between innate and adaptive immu-
nity, thereby allowing tumors to escape from the immune system
control (26, 27, 48). A recent report has shown that PAX3-FKHR,
an oncogenic fusion protein associated with the most aggressive
(alveolar) type of rhabdomyosarcoma, interacts with STAT3 to
cause a dramatic reduction of tumor MHC expression and sup-
pression of IFN-inducible genes and chemokines (27). We found
that STAT3 was not involved in MYCN-mediated CCL2 gene
repression in neuroblastoma. On the other hand, STAT3 activa-
tion has been shown to upregulate MYCC in tumor cells (26), sug-
gesting that MYC could be one of the downstream mediators in
the STAT3-mediated immunosuppression. Thus, targeting MYCN
and probably other MYC family oncogenes could be important
not only for controlling tumor cell proliferation, but also for elicit-
ing effective antitumor immune responses.

In addition to our previous demonstration of lack of NKT cell
infiltration in primary MYCN-amplified neuroblastomas (9), we
2708
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now show that NKT cells also failed to localize to the BM contain-
ing MYCN-amplified neuroblastoma cells. Taken together with the
fact that NKT cells selectively accumulated in the metastatic BM
of nonamplified patients, these data suggest that NKT cells may
be involved in the control of the metastatic process in BM, which
is the most common site of metastases and relapse in neuroblas-
toma and many other types of cancer (49). This view is supported
by reports of potent antimetastatic activity of specific ligands for
NKT cells such as a-galactosylceramide (aGalCer, KRN-7000) and
C-0GalCer in multiple models of cancer (3, 50, 51).

Despite the ability of CCL2-producing neuroblastoma cells to
attract T cells and monocytes in our in vitro and in vivo models,
we found no difference between T cell and monocyte numbers in
MYCN-amplified versus nonamplified BM metastases in patients.
This could be explained by the fact that T cells are a much more
heterogeneous population compared with the NKT subset, so
that the effect of tumor-derived chemokines on T cell frequency
in BM could be nullified by other chemokines derived from nor-
mal BM cells, such as CXCL12, which is expressed at high levels
by sinusoidal endothelium in the BM (52). In addition, it is well
documented that homeostatic expansion critically contributes to
the number of BM T lymphocytes. In fact, the rate of homeostatic
proliferation of T cells in human BM is second only to that in
the thymus (53). Monocytes originate in BM, and their migration
back from periphery may not be sufficient to significantly affect
their frequency. Little is known about the homeostasis of NKT
cells in human BM. Unlike in the mouse, NKT cells are rare in
human BM (54), suggesting that additional homing of tumor-
attracted NKT cells could substantially contribute to the overall
number of these cells when metastatic tumor cells have the che-
moattractive properties. However, a systematic evaluation of NKT
cell homeostasis in human BM in physiological and pathological
conditions is yet to be undertaken.

Despite the fact that NKT localization to the tumor site cor-
relates with favorable outcome in patients with neuroblastoma
(9) and colon cancer (10) and, conversely, that NKT numbers
and functional activities are selectively decreased in many types
of cancer (6, 55), there is still no direct evidence that NKT cells
play a positive role in tumor immunity in humans. Considering
that these cells can produce both Th1 and Th2 cytokines and have
previously been shown to suppress immune responses in several
models of autoimmune diseases (56), care should be taken in
planning NKT cell-based immunotherapies of cancer. However,
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Figure 7

NKT cell number is decreased in BM of MYCN-amplified neuroblas-
tomas with BM metastases. BM specimens were analyzed by 5-color
flow cytometry as in Figure 5. Shown are scatter plots of (A) NKT cell
and (B) T cell frequency distribution in BM from MYCN-amplified (A)
versus nonamplified (N) neuroblastomas with more than 10% tumor
cells in BM. Tumor-free BM specimens from age-matched patients with
stage 4 (amplified and nonamplified) neuroblastomas were used as
control. Data are mean + SEM from BM specimens of 25 patients.
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recent experimental evidence suggests that previously reported
tumor-protective properties of CD1d-reactive T cells (57, 58) do
not depend on classical aGalCer-reactive NKT cells (59), which
are the subject of the present article. Moreover, recent clinical tri-
als with aGalCer-pulsed DCs in cancer patients demonstrated
sustained in vivo expansion of NKT cells and activation of other
cells of the immune system in a Th1-like manner (60, 61). Our
present results suggest that in addition to NKT cell activation
and expansion, a strategy should be developed to target NKT cell
localization to the tumor site.

Methods

Cell lines, cell culture, and in vitro migration experiments. LA-N-1, CHLA-255,
and SK-N-BE(2) neuroblastoma cell lines were established and maintained
as described previously (30, 62-64). In vitro migration experiments were
performed as described previously (9). Briefly, supernatants were collect-
ed from 24-hour culture of 70%-80% confluent neuroblastoma cells and
added (0.6 ml) to the bottom chambers of 24-well plates with polycarbon-
ate Transwell filters with S-um pore size (Costar Corning). Where indi-
cated, supernatants were preincubated for 1 hour with 10 ug/ml of IgG1
isotype control, clone 11711, or neutralizing mAb against CCL2, 24822, or
against CXCL8, 6217 (R&D Systems). PBLs were obtained from freshly iso-
lated PBMCs by collecting nonadherent cells after 45 minutes’ incubation
in 10-cm petri dishes (Costar Corning). For these experiments we only used
donors who had at least 0.1% NKT cell frequency in PBMCs as determined
by FACS (see below). PBLs from the same donor were used for all condi-
tions in each experiment. PBLs were added to the upper chamber (10° cells
in 100 ul), and the Transwell chambers were incubated at 37°C in 5% CO,.
After 4 hours, initial input cells (from a nonpermeable well) and migrated
cells from the lower chambers were stained with fluorochrome-conjugated
mAbs (see Flow cytometry). NKT cells were identified using FITC-conju-
gated anti-CD3 UCHT1 and PE-conjugated anti-Va24-Ja18 6B11 mAbs
(BD Biosciences). Monocyte migration from freshly isolated PBMCs was
evaluated in separate experiments. Monocytes were stained with FITC-con-
jugated anti-CD14 MSE2 mAb (BD Biosciences). After suspension in Tru-
COUNT tubes with an exact number of beads (BD Biosciences), multicolor
immunofluorescence was analyzed by flow cytometry to determine relative
and absolute numbers of cells in subpopulations of interest. For example,
the absolute number of NKT cells per tube is calculated as percent NKT
cells multiplied by 48,449 (known number of beads) and divided by percent
beads. The percent migration for each subset was calculated by dividing the
number of migrated cells by the number of input cells. Specific migration
was calculated by subtracting migration to control medium from migra-
tion to the experimental medium.

Plasmids, cloning, shRNA, and lentiviral transduction of neuroblastoma cells.
MYCN-estrogen receptor (MYCN-ER) ligand-binding domain cDNA was a
gift from W. Weiss (UCSF, San Francisco, California, USA). MYCN-ER was
subcloned into the BamH I site of pPCCL-MNDU3-IRES-CD80 to generate
the construct pCCL-MNDU3-MYCN/ER-IRES-CD80. The lentiviral vector
was produced by the vector core facility of CHLA.

Neuroblastoma cells were seeded into 6-well plates at a concentration
of 2.0 x 10° cells/well 1 day before transduction. Virus supernatant from
pCCL-MNDU3-MYCN/ER-IRES-CD80 or vector pCCL-MNDU3-IRES-
CD80 was added into each well at 107 infective units/ml. After 24 hours’
incubation at 37°Cin 5% CO,, cells were stained with PE-conjugated anti-
CD80 L307.4 (BD Biosciences) and positively sorted by FACS using a FACS-
Aria cell sorter (BD Biosciences). After 3 rounds of cell expansion and sort-
ing, the positive cells stably persisted at 99% purity. MYCN expression was
tested by RT-PCR and Western blot of nuclear extract (see below). As with
a previously reported MYCC-ER system (65), the presence of the ligand-
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binding domain of the ER in the MYCN-ER construct was designed to
regulate functional activity of MYCN protein via enhanced nuclear translo-
cation of MYCN in the presence of 4-OHT. However, likely because of high
potency of MNDU3 promoter that resulted in a high level of MYCN pro-
tein expression, even in the absence of 4-OHT, MYCN was active enough
to exert a maximum effect on the genes of interest. Therefore, we studied
MYCN overexpression in an unregulated fashion, and this approach was
complemented by MYCNkd experiments with MYCN shRNA.

The MYCN shRNA was designed to target MYCN mRNA (ATTGAA-
CACGCTCGGACTTG). Primers were as follows: U6 upstream, 5'-TTT-
GGGGATCCAAGGTCGGGCAGGAAGAGG-3'; downstream of MYCN
shRNA, 5'-GCGGATCCAAAAAAGATTGAACACGCTCGGACTTGCTA-
CACAAACAAGTCCGAGCGTGTTCAATCGGTGTTTCGTCCTTTCCA-
CAAGATA-3". The U6 MYCN shRNA was inserted into pHIV-7-EGFP (a
gift from J. Rossi, City of Hope, Los Angeles, California, USA) (66).

The transduction of neuroblastoma cells with lentiviral shRNA was
performed as described above for MYCN cDNA. However, after MYCN
downregulation, neuroblastoma cells grew at a much slower rate; to pre-
vent outgrowth of nontransduced cells, we sorted EGFP-positive cells into
96-well plates at 1 cell per well using the FACSAria cell sorter (BD Biosci-
ences). Those clones that after expansion remained 100% EGFP-positive
were screened for MYCNkd by RT-PCR and Western blot (see below).

Western blot. Neuroblastoma cell lines were harvested at 75% confluence,
and nuclear proteins were isolated with nuclear extract kit (Active Motif).
Protein concentration was determined using BCA Protein Assay kit (Pierce
Biotechnology). Protein (50 ug) was separated by SDS-PAGE in a 4%-20%
Tris-Glycin gel according to standard protocols (Invitrogen) and transferred
onto Immune-Blot PVDF membrane (Bio-Rad). MYCN expression pattern
was analyzed using the purified mouse anti-human MYCN mAb (obtained
from M. Schwab, Deutsches Krebsforschungszentrum, Heidelberg, Germany)
at 1:1,000 dilution and goat anti-mouse horseradish peroxidase second-
ary antibody (Santa Cruz Biotechnology Inc.) at 1:2,000 dilution, followed
by detection by ECL Western blotting as described by the manufacturer
(Amersham Biosciences). As a control, each blot was stripped and reprobed
with an actin-specific antibody (Santa Cruz Biotechnology Inc.).

To detect phosphorylated STAT3, neuroblastoma cells were lysed in
radioimmunoprecipitation assay (RIPA) buffer (20 mmol/l sodium phos-
phate buffer, 150 mmol/l sodium chloride, 5 mmol/l EDTA, 10% glyc-
erol, 1% Triton X-100, and 0.5% sodium deoxycholate) supplemented
with 1 tablet of complete mini-EDTA protease inhibitor cocktail (Roche
Diagnostics). An equal amount of protein was loaded in each well, elec-
trophoretically separated in 4%-12% Bis-Tris gradient SDS page gel, and
then transferred onto a nitrocellulose membrane by semidry transfer
method. The membrane was blocked with Tris-buffered saline/Tween
(TBS-T; 0.1%) with 5% nonfat dried milk for 2 hours at room tempera-
ture with gentle shaking, followed by overnight incubation at 4°C with
anti-phosphorylated Stat3 antibody at 1:1,000 dilution (Cell Signaling
Technology). After washing with 0.1% TBS-T 3x and incubating with goat
anti-rabbit horseradish peroxidase-conjugated secondary antibody (Cell
Signaling Technology) at 1:2,000 dilution for 1 hour, protein bands were
detected by ECL Western blotting method according to the manufactur-
er’s instructions (Amersham Biosciences). Equal loading of the samples
was confirmed by performing Western blot with anti-total STAT3 anti-
body (Cell Signaling Technology). Where indicated, neuroblastoma cells
were stimulated with 10 ng/ml recombinant human IL-6 (R&D Systems)
for 15 minutes followed by the STAT3 analysis.

Real-time PCR. The MYCN forward primer (5'-GAAGAAATCGACGT-
GGTCACTG-3') is complimentary to sequences within MYCN exon 2;
the reverse MYCN primer (5'-GGTGAATGTGGTGACAGCCTT-3') is
complimentary to sequences within exon 3. The MYCN probe (FAM-
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5'-AGAAGCGGCGTTCCTCCTCCAACA-3'-TAMTph) hybridizes within
exon 2. The probe/primers set for CCL2 was described previously (9),
and one for GAPDH (TagMan GAPDH Control Reagent) was purchased
from ABI. Probes and primers were designed using Primer Express (ver-
sion 1.5; Applied Biosystems) and were synthesized by Integrated DNA
Technologies. A quantitative comparative threshold cycle analysis was
performed using the ABI PRISM 7700 Sequence Detection System and
PE Biosystems software (SDS 2.2.2).

CBA analysis. Chemokines were detected with the CBA chemokine kit
(BD Biosciences) according to the manufacturer’s protocol and as pre-
viously described (34).

Flow cytometry. To analyze the frequency of human leukocytes and their
subsets as well as the frequency of human neuroblastoma cells in the BM
of NOD/SCID mice (see In vivo experiments), we used 4 sets of multicolor
flow cytometry. Set 1 consisted of PE-Cy5-conjugated anti-CD45 HI30,
allophycocyanin-conjugated (APC-conjugated) anti-CD56 B159, FITC-
conjugated anti-CD3 UCHT1, and PE-conjugated 6B11 (Va24-Ja18) mAb
(BD Biosciences), and DAPI (Invitrogen) was added 5 minutes before the
flow analysis. Set 2 consisted of PE-CyS-conjugated anti-CD45 HI30,
FITC-conjugated anti-CD3 UCHT1, APC-conjugated anti-CD14 MSE2,
PE-conjugated anti-CD19 SJ25C1, and DAPI. Set 3 consisted of PE-
CyS5-conjugated anti-CD45 HI30, FITC-conjugated anti-CD3 UCHTI,
PE-conjugated 6B11, pacific blue-conjugated anti-CD4 PRA-T4, and
APC-Cy7-conjugated anti-CD8 SK1 (BD Biosciences). Set 4 consisted of
PE-Cy5-conjugated anti-CD45 HI30, FITC-conjugated anti-CD3 UCHT],
APC-conjugated anti-CD45RA HI100 (BD Biosciences), PE-conjugated
anti-CCR7 150503 (R&D Systems), and DAPI. Reactivity to mouse and
human Fey receptors was blocked by S minutes’ preincubation with mouse
Fc-block (1:1,000; BD Biosciences) and polyclonal human IgG (2 mg/ml;
Sigma-Aldrich), respectively. Fluorochrome- and isotype-matching mAbs
as suggested by the manufacturer (BD) were used as negative controls. In
the experiments with human PBMCs and BM, unstained cells and special
staining controls that employ all reagents except for the one of interest
(fluorescence minus one) were used as described previously (67). At the
time of analysis, cells were thawed and placed for 1 hour in complete RPMI
1640 plus DNAse-I (0.17 U/ml; Invitrogen). From 200,000 to 1,000,000
DAPT events per sample were collected. Induction of apoptosis was evalu-
ated in primary T and NKT cells after 24 hours’ coculture of PBMCs with
neuroblastoma cells with neuroblastoma cell/PBMC ratios of 1:5 and 1:1.
Culture of PBMCs in the medium alone was used as a control. Cells were
stained with PerCP-Cy5.5-conjugated anti-CD3 UCHT1, PE-conjugated
6B11, and FITC-conjugated annexin V (BD Biosciences) according to
the manufacturer’s instructions. The analysis was performed on a LSR-II
4-laser flow cytometer (BD Biosciences) using FACDiva software (version
5.0.1; BD). Flow cytometry was carried out in the USC-CHLA Institute for
Pediatric Clinical Research and Saban Research Institute Analytical Cytol-
ogy Core Laboratory.

DC maturation assay. DCs were generated from PBMCs as described previ-
ously (61), with minor modifications. Briefly, 5 x 107 PBMCs were cultured
in 10-cm petri dishes (BD Falcon; BD Biosciences) in RPMI 1640 contain-
ing 5% human serum (BioWhittaker) for 45 minutes. After removing float-
ing cells and washing twice with PBS, adherent cells were cultured with 800
U/ml GM-CSF and 1,000 U/mL IL-4 (Peprotech). Where indicated, half of
the culture medium was replaced with tumor cell supernatants or Iscove’s
modified Dulbecco’s medium as a control. At day 5, the cell phenotype
was analyzed by 3-color flow cytometry using FITC-conjugated anti-CD86
2331 and PE-conjugated anti-CD80 L307.4 mAbs (BD Biosciences) and
DAPI for dead cell exclusion (Invitrogen).

Promoter assay. P(3.5)-CCL2 promoter construct was kindly provided
by R. Ransohoff (Lerner Research Institute, Cleveland, Ohio, USA). The
2710
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E-box-containing 2.8-kb and E-box-deleted 2.6-kb regions were ampli-
fied by PCR using the Expand long template PCR system (Roche Applied
Sciences) on 10 ng human genomic DNA (BD Biosciences). The primers
used were based on the GenBank sequence (accession no. AY357296). For
the 2.8-kb promoter region, the forward primer was 5'-CGGGGTACCGA-
GATGTTCCCAGCACAG with an added KpnlI site, and the reverse primer
(position +46 to +66) was 5'-CGGCGCCCCGGGTTTCATGCTGGAG-
GCGAGAGT with an added Smali site. For the 2.6-kb region, the forward
primer was 5'-CGGACGCGTATTCTCTTCTACGGGATCTGG with Mlui
site and the reverse one was the same as for 2.8-kb region. The amplified
products were cloned into pGL3-Basic to obtain pCCL2-luc construct.
Clones were verified by sequencing. Neuroblastoma cells were cotrans-
fected with the pCCL2-luc and pRL-SV40 plasmids using Lipofectamine
2000 (Invitrogen). The activity of both Firefly and Renilla luciferase was
determined 48 hours later using the Dual Luciferase Assay kit (Promega). A
minimum of 3 independent transfections was performed in duplicate, and
specific CCL2 promoter activity was normalized to Renilla luciferase.

EMSA. To perform EMSA experiments, we used the LightShift Che-
miluminescent EMSA kit (Pierce Biotechnology). Nuclear extracts from
neuroblastoma cells were used to detect E-box binding according to
the manufacturer’s instructions. The E-box oligonucleotide probe cor-
responds to the E-box site of the human CCL2 promoter: TTCCCAG-
CACAGCCCCATGTGAGAGCTCCCTGGCTC. INR probes were as
follows: INR-1, CTTTCTTTTCTGATTCATACCCTTCACCTTCCCT-
GTGTTTACTGTCTGATATATG; INR-2, GGTCAGTCTGGGCTTA-
ATGGCACCCCATCCTCCCCATTTGCTCATTTGGTCTCAG; INR-3,
CTCCTCAGAGTGGGAATTTCCACTCACTTCTCTCACGCCAGCACT-
GACCTCCCAG.

In vivo experiments. Four-week-old female NOD/SCID mice were pur-
chased from The Jackson Laboratory. CHLA-255 and CHLA-255/MYCN
neuroblastoma cells were injected into the bone cavities of left and right
femurs of the same NOD/SCID mice as described previously (30). Tumor
growth in BM was indirectly assessed via detection of progressive bone
lesions by weekly X-ray imaging at the small animal imaging core facility
of CHLA. Mice with grade 4 lesions (bone fracture) were excluded from the
analysis. After 4 weeks, when most animals had grade 3 lesions, in vitro-
expanded human NKT cells (34) were injected i.v. together with freshly
isolated PBMCs (1:10 ratio, S x 107 total cells). Before injection to the ani-
mals, NKT cells had been cultured with IL-2, 100 U/ml (Peprotech) for
7-10 days without TCR stimulation to achieve resting phase, when their
trafficking pattern more closely resembled that of primary NKT cells, as
we determined in the earlier study (9). One day prior to human leukocyte
transfer, mice were injected i.p. with anti-IL-2Rp TM-f1 mAb at 0.2 mg/
mouse to deplete residual mouse NK cells (68) (TM-p1 hybridoma was a
gift of T. Tanaka, Osaka University Medical Center, Osaka, Japan). Where
indicated, TM-B1 mAb was injected together with 20 ug of blocking anti-
hCCL2, anti-CXCL8, or mouse IgG1 isotype control, the same mAbs used
for in vitro blocking experiments. In vivo blocking experiments were per-
formed using PBMCs from the same donor for all groups in an experiment.
Frozen PBMCs were purchased for these experiments from Astarte Biolog-
ics. Mice were sacrificed after 24 hours, and BM from the indicated sources
was analyzed by set-1 and -2 of multicolor flow cytometry as described
in Flow cytometry. Animal experiments were approved by the Institutional
Animal Care and Use Committee of CHLA.

Human specimens. We analyzed 25 cryopreserved BM specimens from
newly diagnosed patients with stage 4 neuroblastoma who were enrolled
in Children’s Cancer Group studies for neuroblastoma (studies CCG-
3891, CCG-321P1, CCG-321P2, CCG-321P3, and CCG-323). Fifteen
patients had BM metastases with at least 10% tumor cells in BM detected
by immunocytology; 6 of the primary tumors from these same patients
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had MYCN amplification and 9 did not. Ten patients with stage 4 neu-
roblastoma without BM metastases served as a control group. Tumors
were analyzed for MYCN genomic amplification by Southern blot, PCR,
and/or immunohistochemistry as described previously (69). PBMCs
were isolated from freshly obtained blood from healthy adult donors as
described previously (34). Informed consent was obtained in accordance
with institutional review board policies and procedures for research deal-
ing with human specimens.

Statistics. Data obtained in the in vitro experiments were analyzed with
1-way ANOVA with the Tukey-Kramer post-test comparison of group means.

For xenograft data, cell frequencies for CHLA-255, CHLA-255/MYCN,
and control sites were obtained from each mouse. The percents of leuko-
cytes and subtypes were normalized before analysis by taking their ratios
with the percents of non-NB cells to remove the influence of the presence
or absence of NB cells in the marrow independent of any effect of these
cells on leukocyte infiltration. The ratios were also transformed to the log;o
scale before statistical analysis to correct skewness. The primary test of dif-
ferences in leukocyte migration in CHLA-255 and CHLA-255/MYCN sites
was of the null hypothesis that the mean difference in logj ratios in the
CHLA-255 (or CHLA-255/MYCN) site and the control site is 0. Statistical
differences were determined using paired, 2-tailed Student’s ¢ test.

Data obtained from neuroblastoma patients were analyzed with 1-way
ANOVA with the Tukey-Kramer post-test comparison of group means,
comparing mean NKT and T cell percentages between patients without
BM infiltration (control) and those with infiltration with MYCN-amplified
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Statistical computations were performed with Prism (version 4.0; Graph-
Pad Software) and Stata (version 9.0; StataCorp).
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