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Abstract
Aim Several lines of evidence suggest that NK cell immu-
notherapy may represent a successful approach in neuro-
blastoma (NB) patients refractory to conventional therapy.
However, homing properties, safety and therapeutic eYcacy
of NK cell infusions need to be evaluated in a suitable
preclinical murine NB model.
Materials and methods Here, the therapeutic eYcacy of
NK cell infusions in the presence or absence of NK-activat-
ing cytokines have been evaluated in a NB metastatic

model set up in NOD/scid mice, that display reduced func-
tional activity of endogenous NK cells.
Results In NOD/scid mice the injected NB cells rapidly
reached all the typical sites of metastatization, including
bone marrow. Infusion of polyclonal IL2-activated NK
cells was followed by dissemination of these cells into vari-
ous tissues including those colonized by metastatic NB
cells. The early repeated injection of IL2-activated NK cells
in NB-bearing NOD/scid mice signiWcantly increased the
mean survival time, which was associated with a reduced
bone marrow inWltration. The therapeutic eVect was further
enhanced by low doses of human recombinant IL2 or IL15.
Conclusion Our results indicate that NK-based adoptive
immunotherapy can represent a valuable adjuvant in the
treatment of properly selected NB patients presenting with
metastatic disease, if performed in a minimal residual dis-
ease setting.

Keywords NK cells · Neuroblastoma · NOD/scid · 
Metastasis · Immunotherapy

Introduction

Neuroblastoma (NB) is the most common extracranial
tumor in infants and the fourth in children. It originates
either from primitive sympathetic nervous cells of the adre-
nal gland or in the spinal roots of extracranial nerves [1, 2].
NB has a broad spectrum of clinical presentation, varying
from metastatic disease (stage 4), which occurs in more
than 50% of cases at diagnosis, to spontaneous maturation
and even regression, which mainly occurs in infants [3].
Indeed, prognosis depends on age and stage, being Myc-N
ampliWcation an adverse prognostic factor [4]. In stage 4
patients metastatic spread mainly involves bone and bone
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marrow (BM) and relapse or progression in this latter site is
the major predictor of adverse prognosis. Despite multi-
modal therapy, followed by autologous hematopoietic stem
cell transplant, their overall survival is approximately 20%
at 5 years [5].

Not surprisingly, several new therapeutic approaches
have been extensively tested in vitro and less frequently
in vivo. Among these latter approaches, adjuvant immu-
notherapy by means of cytokine-engineered cells or
anti-GD2 antibody administration has been exploited
in NB patients. Complete responses or stabilization of
disease have been associated with increase in NK cell
number and activity [6, 7], and NK cell mediated-ADCC
[8–10].

NK cells have been demonstrated to play an important
role in controlling the growth of various tumor cell lines
injected in mice [11, 12], including NB [13]. Moreover, NK
cell increase in number and activity has been correlated to
clinical responses in several gene therapy protocols, includ-
ing the ones performed in NB patients [6, 7]. On these pre-
mises, clinical grade puriWcations of human NK cells have
been reported and phase I trials have been started in
patients with various types of cancer, including NB [14–
16]. However, no data on homing properties, safety and
therapeutic eYcacy of NK cell infusions in preclinical
murine NB models that closely resemble stage 4 diseases
are available at present.

NK cells can kill tumor cells which lack the expression
of HLA class I molecules, i.e. the ligands of the inhibitory
killer Ig-like receptors (KIRs) [17]. We have recently dem-
onstrated [18] that BM-inWltrating NB cells express little or
no HLA class I molecules, while they may express the
poliovirus receptor (PVR), which represents a ligand for the
activating NK receptor DNAX accessory molecule 1
(DNAM-1) [19]. This latter receptor/ligand interaction
appears to play a critical role in the NK-mediated neuro-
blastoma cell killing by activated NK cells. Thus, the prob-
ability of metastatic NB cells to be killed in vitro by
activated NK cells depends on the expression or lack
thereof of PVR ligand [19].

In the present study, we have set up a NB metastatic
model in NOD/scid mice to evaluate the eYcacy of NK
cells-based immunotherapy. In this model, mice that were
not treated with NK cells developed a metastatic disease
reminiscent of that observed in stage 4 patients. In our
study the therapeutic eYcacy of activated NK cell infusions
was evaluated in the presence or absence of NK-activating
cytokines such as IL2 and IL15. Our results indicate that
repeated early NK cell infusions can prolong the survival of
neuroblastoma-bearing mice and reduce bone marrow inWl-
tration. Thus, NK-based immunotherapy of NB may repre-
sent a valuable adjuvant in a minimal residual disease
setting.

Materials and methods

Mice

NOD/scid mice (NOD.CB17-Prkdcscid/J) were purchased
from Jackson Laboratories (Bar Harbour, ME, USA) and a
colony maintained at the Animal Facility of the Istituto
Nazionale per la Ricerca sul Cancro, Genoa, Italy. The ani-
mals were housed in speciWc pathogen-free colony and
were feed with sterile food and water. The experiments,
performed according to the National Regulation on Animal
Research Resources, were approved by the Animal care and
use Committee of the Istituto Nazionale per la Ricerca sul
Cancro. Groups of 4 to 12-week-old mice (both male and
female) were injected intravenously (iv) in the tail vein
with the indicated amount of tumor cells and of IL2-acti-
vated human NK cells in 100 �L of serum free medium.
DiVerent schedules of treatment were tested as indicated in
the “Results” section. Mice were monitored for disease
symptoms and terminated by CO2 asphyxiation. Autopsy
was performed on all terminated mice and organs were sub-
jected to histopathological analysis.

NB cell lines

The NB tumor cell lines used were the HTLA-230, GI-LI-
N, SH-SY-5Y, cultured as previously described [20]. These
cell lines are phenotypically similar to metastatic bone mar-
row NB cells [19]. Cell viability was checked before injec-
tion in mice and always found higher than 95%.

NK cells

NK cells were puriWed from PBL of healthy donors using
the Human NK Cell Enrichment Cocktail-RosetteSep
(StemCell Technologies Inc, Vancouver, BC, Canada) and
cultured on irradiated feeder cells in the presence of
100 IU/mL human recombinant (hr)IL2 (Proleukin, Chiron
Corp., Emeryville, USA) and 1.5 ng/mL Phytohemaggluti-
nin (PHA) (Gibco Ltd, Paisley, UK) in order to obtain poly-
clonal NK cell populations. Every set of experiments was
performed by using the same polyclonal NK cell popula-
tion. All the polyclonal NK cell population used in the
in vivo experiments were derived from the same donor to
reduce variability.

Since the NB cells do not express surface HLA class I
antigens, the polyclonal NK cell population was not geno-
typed for KIR expression [17].

Cytotoxicity assay

IL2-activated polyclonal NK cells were tested for cytolytic
activity against the indicated cell lines in a 4-h 51Cr-release
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assay. The eVector/target (E/T) ratios are indicated in the
text.

Flow cytometry

For one-color cytoXuorimetric analysis (FACSCalibur, Becton
Dickinson & Co, Mountain View, CA, USA) polyclonal
NK cells or HTLA-230 neuroblastoma cell line were
washed twice in serum free RPMI-1640 and incubated at a
Wnal concentration of 107 cells/ml in 2 �M CFSE (5-(6)-
carboxyXuorescein diacetate, succidimylester, Molecular
Probes, Paisley, UK) for 7 min at 37°C [21]. Labelled cells
(green) were washed twice in RPMI-1640 containing 10%
FCS. For cytoXuorimetric analysis of surface molecule
expression, NK cells were stained with monoclonal anti-
bodies (mAbs) speciWc for the indicated molecules fol-
lowed by PE-conjugated goat anti-mouse isotype-speciWc
second reagent. Controls were represented by cells stained
with PE-conjugated goat anti-mouse isotype-speciWc sec-
ond reagent alone.

Monoclonal antibodies

All the mAbs used: 289 (IgG2a, anti-CD3), BAB281
(IgG1, anti-NKp46), c218 (IgG1, anti-CD56), C127 (IgG1,
anti-CD16), MAR93 (IgG1, anti-CD25), c227 (IgG1, anti-
CD69), Z231 (IgG1, anti-NKp44) and KRA236 (IgG1,
anti-DNAM-1), were produced in A. Moretta’s laboratory.

Cytokines

PuriWed hrIL2 (Proleukin, Chiron, Emeryville, USA) and
hrIL15 (Pepro Tech-London, UK) were used in vivo at the
concentration of 100 IU/mouse and 50 ng/mouse, respec-
tively.

Histopathological analysis

All the diVerent organs, as well as the spine, the anterior
and posterior leg bones, were systematically removed from
terminated mice and Wxed for 48 h in formalin. Bones were
then decalciWed with Decal (DAKO S.P.A, Milano, Italy)
for 2.5 h. All the tissues were processed for paraYn embed-
ding, sectioned at 6 �m and stained with hematoxylin-
eosin. For homing experiments 4 £ 106 CFSE-labelled
HTLA-230 cell line or 4 £ 106 CFSE-labelled IL2-acti-
vated human NK cells, were iv injected in groups of three
mice. Mice were then terminated at diVerent time points
under laminar Xow and blood was immediately withdrawn
by cardiac puncture. Bone marrow cells and splenocytes
were Xushed with sterile tissue culture media from the pos-
terior femurs and tibias and spleen, respectively, and analy-
sed by Xow cytometry, together with the blood. All the

other organs were immediately snap frozen in liquid nitro-
gen with OCT compound® (Sakura Europe, Zouterwoude,
The Netherlands). Slides of 6 �m thick cryostatic sections
were mounted in antifade solution with DAPI (4,6-diami-
dino-2-phenylindole, Vectashield, Vector Burlingame, CA,
USA) and images were captured using a Nikon Eclipse
E1000 epiXuorescence microscope (Nikon Corp, Tokyo,
Japan) equipped with Wlter sets for DAPI and FITC.

Statistical analysis

Survival curves were constructed by using the Kaplan–
Meier method and the generalized Wilcoxon log-rank test
(Peto-Prentice) was used to compare the curves. A P value
of less than 0.05 was considered statistically signiWcant.
Mean survival times were calculated with 95% conWdence
interval. All tests were two sided. Statistical analyses were
performed using the Statsdirect software (Statsdirects Ltd,
Cheshire, UK).

Results

Tumorigenicity of NB cell lines in NOD/scid mice

Three NB cell lines HTLA-230, GI-LI-N and SH-SY-5Y,
phenotipically similar to metastatic bone marrow-isolated
NB cells, were iv injected in groups of 8, 5-week old NOD/
scid mice. Animals were terminated either at the appear-
ance of bulky disease or 75 days post injection (pi). In both
cases, autopsy was performed and all the organs were sub-
jected to histopathological analysis. As shown in Fig. 1a,
the HTLA-230 cell line was fully tumorigenic, leading to
the death of all the animals within 60 days pi, while 50% of
mice injected with GI-LI-N or SH-SY-5Y survived at day
75.

The pattern of metastatization of HTLA-230 cells
(Fig. 1b) evaluated at mice sacriWce was characterized in all
instances by bone marrow metastasis and by abdominal
masses involving the kidney and/or the adrenal glands, thus
reproducing a pattern similar to that of advanced human
stage 4 disease [3]. For the above reason our experiments
were then based on the use of HTLA-230 cells. Quite
importantly, as shown in Fig. 1c, this cell line was suscepti-
ble to NK-mediated killing [19].

Groups of 5-week-old NOD/scid mice were then iv
injected with diVerent amounts of HTLA-230 cells. The
minimum tumorigenic dose, leading to the death of 100%
of the mice, was approximately 1 £ 106 (data not shown).
Therapeutic experiments were thus performed using this
dose of HTLA-230 cells.

Next, groups of 6 NOD/scid mice of diVerent age were
iv injected with 1 £ 106 HTLA-230 cells. Survival curves
123
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shown in Fig. 2 indicated that tumor growth was faster in
young mice than in older ones. Therapeutic experiments
were thus performed by using 5-week-old mice.

Fate of HTLA-230 cells injected in NOD/scid mice

In order to evaluate a suitable time period for injecting
NK cells in mice that received HTLA-230 cells we ana-
lyzed the distribution of CFSE-labeled tumor cells at vari-
ous intervals pi. Thus, groups of three mice were
terminated at diVerent times pi and tissues and organs

were analysed for the presence of Xuorescent cells by Xow
cytometry (blood, spleen and Xushed bone marrow) and
by Xuorescence microscopy (all the other tissues). CFSE-
labelled HTLA-230 cells (green) were detected in all the
organs analysed, (with the exception of the brain), already
after 4 h pi, even in those that were not aVected by metas-
tatization (Fig. 3). Conversely, in the blood, HTLA-230
cells were detected only within 2 h from iv injection (data
not shown), suggesting that most tumor cells may have
reached the various tissues within a short time interval
after injection.

Fig. 1 Tumorigenicity of NB cell lines in NOD/scid mice. a HTLA-
230 (circle), SH-SY-5Y (square) and GI-LI-N (triangle) cell lines
were iv injected in 5-week-old NOD/scid mice (8 mice/group) at the
dose of 3 £ 106 in 100 �L serum free medium. Mice were monitored
and terminated when bulky disease was apparent (varying from 30 to
60 days) or at day 75 post injection. Terminated animals were next
evaluated for the presence of metastasis in the various organs. b Pres-
ence of metastasis in the diVerent organs evaluated when the mice
showed in a were sacriWced. The experiment was performed twice with

similar results. c Susceptibility of HTLA-230 cell line to NK-mediated
cytolic activity. EVector cells represented by activated NK cell popu-
lations derived from two representative healthy donors were tested
against the indicated cell lines at diVerent eVector to target (E:T) ratios.
The results are representative of three independent experiments; the
standard deviation of the mean of the triplicates was <5%. All the ther-
apeutic experiments were performed with polyclonal NK cells derived
from donor #1
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Fate of human NK cells injected in NOD/scid mice

In order to evaluate whether NK cells, similarly to NB
cells, could reach diVerent tissues, including possible meta-
static sites, highly puriWed, CD3-/CD56+/NKp46+/CD16+
polyclonal NK cells (Fig. 4a), cultured in vitro in the pres-
ence of exogenous hrIL2, were CFSE-labelled and iv
injected in groups of three mice. These NK-injected ani-
mals were then terminated at diVerent times pi. As shown
in Fig. 4b, cytoXuorimetric analysis allowed the detection
of viable NK cells in blood (0.1%), bone marrow (0.03%)
and spleen (0.1%). As expected, the surface phenotype of
these NK cells was identical, in terms of activating and
inhibitory receptors, to that of the pre-injection NK cells
(not shown). Moreover, Xuorescence microscopic analysis
of tissue sections (Fig. 4c) demonstrated the presence of

CFSE-labelled NK cells (green) in all organs analysed
(with the exception of the brain). CFSE-labelled NK cells
could be detected in the various organs both at 4 and 72 h
pi, and in the blood up to 48 h pi. Remarkably, Xuorescent
NK cells could also be detected in the Xushed bone marrow
after 18–24 h pi.

Evaluation of the therapeutic eYcacy of human NK cells 
infused in HTLA-230-bearing mice

In a Wrst set of experiments, NOD/scid mice, iv injected
with 1 £ 106 HTLA-230 cells a week before, were treated
with 4 £ 106 in vitro IL2-activated human NK cells once a
week for 4 weeks. Since no therapeutic eVects were
observed (data not shown), in a second set of experiments,
four groups of 7 NOD/scid mice, iv injected with 1 £ 106

HTLA-230 cells at time 0, were treated with medium alone
(group 1) or with 4 £ 106 in vitro IL2-activated human NK
cells, at 24 h pi (group 2), at 4, 24 and 48 h pi (group 3) or
at 4, 24, 48 and 96 h pi (group 4). With respect to untreated
mice, NK-treated animals had prolonged survivals
(Fig. 5a); the mean survival time (52.4, 54.7 and 55.7 vs.
43.4 days of untreated mice, respectively), as well as sig-
niWcance (P = 0.0469 for one treatment, P = 0.041 for
three treatments, P = 0.028 for four treatments), increased
according to the number of NK cell injections performed.

In a third set of experiments, we tested whether the
earlier treatments with polyclonal NK cells could increase
the therapeutic eYcacy and whether addition of NK-acti-
vating cytokines could further enhance it. As shown in
Fig. 5b, mice treated with IL2-activated NK cells at 0, 4, 24
and 48 h had a signiWcant better survival (mean survival
time 66 days vs. 43.7 days of untreated mice, P = 0.0005).
The diVerence with respect to the previous schedule of

Fig. 2 Age-dependent tumorigenicity of HTLA-230 cells.
1 £ 106 HTLA-230 cells were iv injected in groups (6 mice/group)
of 4 (circle), 8 (triangle) and 12 (square) week-old NOD/scid mice.
Animals were monitored and terminated at the appearance of bulky
disease. The experiment was performed twice with similar results
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Fig. 3 Fate of injected HTLA-230 cell line; 4 £ 106 CFSE-labeled
HTLA-230 cells were iv injected in groups of 3 NOD/scid mice. Ani-
mals were terminated at diVerent times pi, autopsy performed, organs
removed and snap frozen in liquid nitrogen. Cryostat sections (6 �m

thick) were then analyzed by Xuorescence microscopy. Sections of
organs removed 4 h pi are shown; CFSE-labeled HTLA-230 (green),
organ cells (blue). a Lung, b liver, c kidney, d gut, e ovary, f bone
marrow
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administration was signiWcant (P = 0.042). Addition of hrIL2
(100 IU/mouse) or hrIL15 (50 ng/mouse) further increased
survival (Fig. 5b, 74.1 and 77.8 days, mean survival
time, respectively, P = 0.0005). The increase in survival
obtained with the addition of exogenous cytokines to the
polyclonal NK cells was signiWcant (P = 0.040 for IL2
and P = 0.020 for IL15 vs. NK cells without cytokine). In
line with these Wndings, NK cells cultured with these doses
of either cytokine displayed substantial increments in the
surface expression of several activation markers, including
CD25 and CD69 molecules, and up-regulation of CD56
and DNAM-1 molecules (Fig. 5c).

Since anticipation of four treatments with polyclonal NK
cells to time 0 signiWcantly increased survival of the
HTLA230-bearing NOD/scid mice, we further analyzed
whether this eVect was solely due to the early killing of
circulating HTLA-230 cells. To this end, two groups of
mice injected with HTLA-230 cells were infused at time 0
with either NK cells + hrIL2 (100 IU/mouse) or NK
cells + hrIL15 (50 ng/mouse). In these groups, however, no
further treatments were performed. As shown in Fig. 5d a
single treatment at time 0 with NK cells + either cytokine
did not aVect survival (P = 0.233 for IL2 and P = 0.148 for
IL15), ruling out that the therapeutic eVect shown in Fig. 5b

was merely consequent to the clearance of circulating
tumor cells.

Finally, to exclude that the increase in survival time
observed with the addition of either hrIL2 or hrIL15 to
polyclonal NK cells was due to the activation of endoge-
nous immune eVectors or precursors, two groups of HTLA-
230-injected mice were treated with hrIL2 (100 IU/mouse)
or hrIL15 (50 ng/mouse) at 0, 4, 24 and 48 h pi. Four treat-
ments with either cytokine in the absence of NK cells did
not aVect survival (Fig. 5d, P = 0.431 for IL2 and P = 0.647
for IL15). No short term toxic eVect or long term histopath-
ological changes could be observed in naïve NOD/scid
mice injected up to four times with NK cells + either cyto-
kine (data not shown).

Histological analysis indicated that the pattern of metas-
tatization was not modiWed by the treatment. However, the
extent of bone and bone marrow inWltration was lower in
the treated animals. Indeed, 13 out of 28 (46%) untreated
mice showed paralysis of posterior legs, due to compres-
sion of the spinal cord by NB cells growing inside the ver-
tebrae trabeculae (Fig. 6a), and all animals, but one, had
extensive inWltration of femurs’ and tibias’ bone marrow
(Fig. 6b). In contrast, the spinal cord of NK + cytokine-
treated mice was consistently free of tumor cells (Fig. 6c),

Fig. 4 Fate of injected IL-2 activated NK cells; 4 £ 106 CFSE-labeled
NK cells were iv injected in groups of 3 NOD/scid mice. Animals were
terminated at diVerent times pi. A CytoXuorimetric analysis of in vitro
IL-2 activated NK cells demonstrating their purity. B Blood, bone mar-
row Xushed from femurs, and spleen cell suspensions analyzed by Xow
cytometry. Percentages of CFSE-labeled NK cells (green) with respect
to total white blood cell count are indicated. CTR was represented by

cells derived from mice injected with unlabelled polyclonal NK cells.
C Fluorescence microscopic analysis of cryostat sections of lung (a,
b), liver (c, d), kidney (e, f) and bone marrow smears (g, h) at £20 (a,
c, e, g) and £100 (b, d, f, h) magniWcation, respectively. Samples were
from mice terminated at 24 h pi; CFSE-labeled NK cells (green), organ
cells (blue)
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with the exception of two mice (7%). In addition, in treated
mice, bone marrow inWltration was often limited to femurs,
being tibias free of tumor cells in 12 out of the 28 (43%)
NK + cytokine-treated mice (Fig. 6d).

Discussion

In this study, the anti-tumor activity of polyclonal NK cells
has been investigated in a model of human metastatic neu-
roblastoma set up in NOD/scid mice [22] by iv injection of

a NB cell line phenotypically similar to metastatic NB [19].
The presence of metastases in the ovaries, which never
occur in humans, has been previously reported in another
metastatic HTLA-230 model set up in nude mice [23] and
in immunocompetent A/J mice injected with murine NB
cells [24].

Administration of IL2-cultured NK cells exerted a sig-
niWcant increase in survival time that correlated to the num-
ber of injections performed. Furthermore, when human NK
cells were infused in combination with low dose hrIL2 or
hrIL15, mice showed a further increment in survival as

Fig. 5 Therapeutic eVects of NK cell infusions. Panel a four groups of
7, 5-week-old, NOD/scid mice were iv injected with 1 £ 106 HTLA-
230 cells, then animals were treated with medium alone (circle) or with
4 £ 106 polyclonal NK cells at 24 h pi (square), at 4, 24 and 48 h pi
(triangle) or at 4, 24, 48 and 96 h pi (plus sign). Panel b four groups of
7, 5 week-old, NOD/scid mice were iv injected with 1 £ 106 HTLA-
230 cells, then animals were treated at 0, 4, 24 and 48 h pi with medium
alone (circle), with 4 £ 106 polyclonal NK cells (square), with 4 £ 106

polyclonal NK cells + hrIL2 (triangle) or 4 £ 106 polyclonal NK
cells + hrIL15 (plus sign). Panel c IL2-activated NK cells from donor
#1 were cultured in the absence or in the presence of rhIL2 (100 IU/
mL) and rhIL15 (50 ng/mL). After 3 days, cells were stained with

mAbs speciWc for the indicated molecules, followed by PE-conjugated
goat anti-mouse isotype-speciWc second reagent and analyzed by Xow
cytometry. Sketched proWles cells incubated with second reagent
alone, white proWles cells cultured without cytokines, grey proWles
cells cultured with the indicated cytokine. Panel d Five groups of 7, 5-
week-old, NOD/scid mice were iv injected with 1 £ 106 HTLA-230
cells, then animals were treated with medium alone (circle), with
4 £ 106 polyclonal NK cells + hr IL2 at 0 h pi (square), with 4 £ 106

polyclonal NK cells + hr IL15 at 0 hr pi (triangle), with 100 ng/mouse
hrIL2 at 0, 4, 24 and 48 h pi (plus sign) or with 50 ng/mouse hrIL15 at
0, 4, 24 and 48 h pi (multiple sign). All the experiments were per-
formed twice with similar results
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compared to NK-treated mice. Since these cytokines, at the
doses used, did not display any direct anti-neuroblastoma
eVect as shown in Fig. 5d, it is conceivable, as reported in
previous studies [25–28], that their role was to sustain the
proliferation/survival of the infused NK cells allowing their
homing to diVerent organs. Indeed, in line with this con-
cept, NK cells that have been cultured with hrIL2 or hrIL15
displayed incremented expression of various activation
markers including CD25 and CD69 molecules. The obser-
vation that hrIFN-�, that enhances NK cytotoxicity but not
NK proliferation/survival [29] did not increase the thera-
peutic eVect of NK cells (not shown), further support this
conclusion.

Following injection in the peritoneum, NK cells have
been shown to occasionally reduce NB hepatic metastases
[13]. Here, iv administration of NK cells together with
tumor cells was able to control subsequent NB cell growth
in a very aggressive metastatic model of NB. Within 4 h pi,
animals that were not treated with NK cells displayed NB
metastatization in various organs including typical sites
observed in stage 4 patients. In our model, tumor cells
reached all the organs, including sites of metastatization, as
soon as 4 h post injection. Since NB cells disappeared from
blood 2 h pi, it was unlikely that the observed therapeutic
eVect was consequent to NK cell-mediated killing occur-
ring within the peripheral blood compartment. A single
infusion of NK cells + cytokine, performed simultaneously

to NB tumor cell injection, in fact, did not result in any
therapeutic eVect.

Although we do not show the interaction between NK
and NB cells in the same tissue section, the correlation
between the number of infusions and the increase in mean
survival time strongly suggests that the therapeutic eVect of
NK cells might take place, at least in part, in tissues inWl-
trated by tumor cells. Indeed, infused human NK cells were
detected in all organs analysed with the exception of brain,
starting from 4 h post injection and up to 72 h, conWrming
previous studies showing that infused NK cells could inWl-
trate tumor xenografts [30–32] and exert antitumor activity
[11–13, 30–32].

In our experimental conditions, the therapeutic eVect
of human activated NK cells administered with hrIL2 or
hrIL15 was signiWcant but incomplete. Conceivably, the
therapeutic eYcacy of NK cell immunotherapy in this
model may have been improved by increasing the number
of infusions or the number of NK cells administered each
time. However, these modiWcations would impair the possi-
bility to translate these results in the clinical setting. Sev-
eral donors need to be envisaged for a single patient when
numbers of NK cells and/or infusions are increased.
Nonetheless, with doses of NK cells and a schedule of
administration that can be scaled up to the patients, we
demonstrated that NK cells reached metastatic sites and
consistently reduced bone and bone marrow inWltration.

Fig. 6 Histological analysis of untreated and NK + cytokine-treated
mice. Hematoxylin-eosin stained sections of spinal cord and vertebrae
(left) and femur and tibia (right) from untreated (a, b) and NK
cell + cytokine-treated (c, d) tumor-bearing NOD/scid mice. MagniW-
cation is £12.5. Panel a arrow indicates neuroblastoma cells grown
outside the vertebral bone towards the spinal cord. Panel b arrows indi-
cate neuroblastoma cells grown in the femur and tibia bones. In the

femur NB inWltration destroyed the bone structure while in the tibia NB
growth is conWned to the bone marrow. Panel c arrow indicates neuro-
blastoma cells inside the vertebral bone, on the left side the spinal cord
appears completely free from metastatic invasion. Panel d arrow indi-
cates neuroblastoma cells grown inside the femur bone marrow with-
out destruction of the bone structure, the tibia bone marrow appears
free of neuroblastoma cells
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In stage 4 NB patients, bone marrow relapse is a major
predictor of poor prognosis [5]. Furthermore, neurological
manifestations culminating in spinal cord compression
often arise from bone metastasis [33]. In mice treated with
activated NK cells and low doses of cytokines, spinal cord
compression was rarely observed and tumor inWltration was
limited to the bone marrow, leaving the bone structure
unaltered. Thus, when extrapolating these results to a clini-
cal setting of minimal residual disease, such as that
achieved after high dose chemotherapy, surgery, and autol-
ogous hematopoietic stem cell transplant [34], a relevant
amelioration of neurological symptoms and a delay in the
occurrence of bone marrow relapse may be expected to take
place in NB patients following NK cell-based immunother-
apy.

Our results therefore support the usefulness of NK-cell-
based phase I/II immunotherapeutic protocol if performed
in NB patients shortly after high dose chemotherapy and
autologous transplant. Following these treatments, in fact,
the tumor burden is often reduced to a minimum and meta-
static NB cells are few [34], generally below the level of
detection by sensitive methods [35]. In addition, depletion
of hematopoietic precursors induced by high dose chemo-
therapy could facilitate homing of infused NK cells to the
bone marrow and their activation, as demonstrated for
infused T cells [36].

Human NB cells do not express HLA class I or class II
antigens and display numerous defects in the expression
of antigen processing machinery components [18, 37, 38].
These features make it highly unlikely that NB cells can
evoke cytotoxic T lymphocyte responses directed to NB-
associated antigens. On the other hand absence of surface
HLA class I molecules renders human NB cells suitable tar-
gets for NK cell mediated cytotoxicity. However, only a
fraction of patients express in their metastatic NB cells the
poliovirus receptor (PVR, CD155), a ligand of the DNAM-
1 (CD226), NK cytotoxicity activating receptor. Since the
expression of PVR correlates with the sensitivity of NB
cells to NK cell-mediated killing [19], eligibility of patients
to NK-based immunotherapy must take this parameter into
proper account.

Nonetheless, infused NK cells may also interact with
other eVector cells of innate or adoptive immunity likely
contributing to enhance anti NB immune response [39]. In
particular, NK cells have been shown to induce maturation
of monocyte-derived dendritic cells [40, 41], thus promot-
ing their ability to prime naïve T cells [42] by presenting
NB-associated antigens. During this NK-DC interaction,
cytokines produced by NK cells, including IFN-� and TNF-
�, may also up-regulate the surface expression of HLA
class I molecules on NB cells [37, 43], which in turn may
allow their recognition and destruction by patient’s CTLs.
In essence, according to this model, activated NK cells

could directly clear tumor cells left over after high dose
chemotherapy and autologous transplant and contribute to
the generation of memory CD8+ CTL responses displaying
long-lasting anti-tumor immunity.

In conclusion, our data suggest that, after an accurate
in vitro evaluation of the patient’s neuroblastoma cell sus-
ceptibility to NK-mediated cell lysis and of a minimal
residual disease status, NB patients may beneWt of NK cell-
based immunotherapy.
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