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ABSTRACT
Several studies support the notion that the kinase inhibitor Imatinib mesylate exerts off-target effects on
cells of the immune system. After our first report of continuous daily oral administration in subjects with
relapsed/refractory neuroblastoma (NB, EudraCT: 2005–005778-63), here we update the clinical informa-
tion and report additional information on potential surrogate markers for prediction of efficacy.

Peripheral blood (PB) samples collected at study entry and after the first and second cycle of Imatinib
mesylate treatment were tested for IFN-γ, TNF-α, TGF-β, IL-10, CXCL12 and soluble (s) B7-H6 plasma
levels. In addition, paired PB and bone marrow (BM) samples collected at study entry and after the
second Imatinib cycle were evaluated for CXCL12, CXCR4 and NKp30 isoform mRNA levels. Correlation
between each parameter level and response/outcome was then evaluated.

Out of the six subjects still alive at the time of the first report, thee died after additional therapy, two
for NB progression and one for a second malignancy. Three are presently alive and cured from NB at
10 years after the first Imatinib cycle. Of these, one achieved complete response (CR) during Imatinib
treatment and never relapsed, one had a local relapse removed by surgery and the third received TVD as
rescue therapy. Response and outcome were associated with low Imatinib exposure, whereas none of
the tested immunological and molecular parameters was predictive of response/outcome. However,
after Imatinib treatment NKp30 isoform mRNA levels significantly increase in BM samples, indicating that
Imatinib mesylate exerted an off-target effect on NK cells in vivo.

Imatinib mesylate efficacy in relapsed/refractory NB has been confirmed at a longer follow-up,
supporting its inclusion in new Phase II trials for these subjects, that should envisage collection of
samples to evaluate the predictive power of other potential surrogate markers of efficacy.
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Introduction

Prognosis for children with relapsed or refractory neuroblas-
toma (NB) is dismal with cure rate below 5%,1,2 as recently
confirmed by a meta-analysis of ITCC/SIOPEN European
phase II clinical trials.3 Among the numerous chemothera-
peutic trials performed in these subjects, the phase II
EudraCT: 2005–005778-63 study with oral daily administra-
tion of Imatinib mesylate for up to 12 months in 24 patients
showed five complete responses (CR, 21%) and two partial
responses (PR, 8%) lasting several months accompanied by
low toxicity and high compliance.4 Disease status at study
entry, time from diagnosis to enrolment and absent/low
Tyrosine hydroxylase (TH) mRNA expression in bone

marrow (BM) and peripheral blood (PB) samples at study
entry associated with favourable outcome, suggesting that
Imatinib mesylate efficacy was achieved in the presence of
low tumour burden. Surprisingly, however, response and
favourable outcome associated with low Imatinib exposure,4

suggesting that high drug concentration could affect survival
of cells involved in anti-NB response.

Based on these data and on observations in adult subjects
with gastro-intestinal stromal tumours (GIST),5,6 we investi-
gated the effect of Imatinib mesylate on cells of the innate
immunity in vitro. Concentration ≤ 6 μg/ml, comparable to
those achieved by subjects with low exposure, did not affect
NK cell ability to lyse NB cells nor macrophage secretion of
pro-inflammatory and immune-stimulatory cytokines.7
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Interestingly, low doses of Imatinib mesylate increased
CXCR4 surface expression on lymphocytes and monocytes,7

supporting the hypothesis that homing of immune effectors
into the BM, the main site of NB metastases,8 could be
favoured by activation of the CXCR4-CXCL12 axis.

In subjects with GIST, response to Imatinib mesylate inver-
sely correlated with NK cell activating receptor NKp30 mRNA
expression, ΔBC NKp30 isoform mRNA ratio,9,10 and with
plasma level of soluble (s) B7-H6, the ligand of NKp30.10

Interestingly, in three independent cohorts of high-risk NB
in CR after induction therapy, ΔBC NKp30 mRNA associated
with response to first line chemotherapy.11

Based on these new findings on the off-target effects of
Imatinib mesylate and the existence of surrogate biomarkers
for its efficacy in adult subjects with GIST, we measured
plasma levels of IFN-γ, TNF-α, TGF-β, IL-10, CXCL12 and
sB7-H6, and the ratio of NKp30 mRNA isoforms, in samples
collected during the Imatinib mesylate trial.4 The objective of
this study was to evaluate the association between each of
these parameters and clinical response/outcome, and to
update the clinical information regarding the subjects enrolled
in the trial.

Methods

Subjects and trial

The EudraCT: 2005–005778-63 trial, Phase II study of
Imatinib mesylate in 24 patients with relapsed/refractory
NB, was a multicentre, single arm, open label, longitudinal,
dose-response study, applying a Simon sequential two-stage
design12 incorporating response rate and toxicity13 to protect
subjects from treatments with toxic or ineffective agents.

Imatinib mesylate was provided by Novartis Pharma,
Origgio, Italy, as 100 mg film-coated capsules. Imatinib was
administered bis in die (BID) at a dose of 170 mg/sqm for the
first 4 weeks (cycle), escalated to 300 mg/sqm for the follow-
ing cycles, up to 12 cycles or up to progression of the disease.

Complete assessment was carried out every two months
and at suspicion of disease progression. Complete information
on clinical characteristics of the subjects was given in the first
report of the trial.4

Collection of peripheral blood (PB) samples for
pharmacokinetics and ELISA assays

PB samples were collected at study entry and after the first
and second cycle of Imatinib mesylate treatment from 19
children (age range 2–16 years, median 7 years). Plasma
aliquots were stored at −80°C and freshly thawed aliquots
were used for the ELISA assays. Plasma at study entry,
after the first and second cycle were available for 13 sub-
jects, namely #2, 3, 4, 5, 8, 11, 13, 14, 15, 16, 17, 19 and
22.4 Each subject is indicated by the same symbol in all
graphs and figures. All ELISA assays were performed
according to manufacturer’ protocols. ELISA assays for
IFN-γ, TNF-α, TGF-β, IL-10 and CXCL12 were purchased
from R&D Systems (R&D Systems duo-set ELISA,
Minneapolis, MN, USA), whereas ELISA assay for sB7-H6

was purchased from AVIVA Systems Biology (San Diego,
CA, USA).

Collection of BM and PB samples for molecular analysis

Half mL of each BM aspirate and 2 mL of PB were collected at
study entry and after two cycles of Imatinib mesylate. Samples
were stored in PAX© tubes at −80°C and RNA was extracted
according to manufacturer’ procedures. Total RNA from both
PB and BM samples at study entry and after two cycles was
available for 7 subjects, namely #4, 8, 14, 15, 16, 19 and 22,4 all
included in the above list of 13 subjects.

Total RNA was reverse transcribed and then amplified in
triplicate by RT-qPCR, as described,14 with the CXCL12 and
CXCR4 specific TaqMan© human gene expression assays
(Thermo Fisher, catalog# Hs00171022_m1 and
Hs00607978_s1, respectively), or with the primers and probe
for NKp30 isoforms A, B and C and for the housekeeping
gene β2-microblobulin (B2M), described by Delahaye et al.9

Results were expressed as Log 2−delta Cq by subtracting the Cq
value obtained for the housekeeping gene B2M from the Cq
value of the target RNA.15 Ratio of the three isoforms was
calculated according to the formula ΔNKp30x NKp30y =
CqNKp30y-CqNKp30x.

10

Statistical methods

Potential associations between pharmacokinetics data, cyto-
kine and sB7-H6 plasma levels, mRNA levels and NKp30
mRNA isoforms’ ratio with response/outcome were evaluated
by the Mann-Whitney U test for continuous variables and the
two-sided Fisher’s exact tests for binary (categorized) vari-
ables. Statistical analysis was performed by using GraphPad
Prism 5.00 Software (GraphPad, Inc. La Jolla, CA). A p < 0.05
was considered significant.

Overall survival (OS) and progression-free survival (PFS)
were analyzed by the Kaplan-Meier method using Stata for
Windows statistical package (release 13.1, Stata Corporation,
College Station, TX).

Results

Clinical update

Figure 1 shows the 10-year OS and the PFS of the 24 subjects
enrolled in the Imatinib mesylate trial. Ten subjects had
progressive disease (PD) during the first and second cycles
and died shortly afterward; 5 subjects achieved complete
response (CR), 2 partial response (PR) and 7 stable disease
(SD) (Table 1). After the last Imatinib cycle, one died of a
myelo-displastic syndrome with evolution to acute leukemia
and 12 progressed; of these seven were treated with oral
etoposide, two with intravenous chemotherapy and one with
surgery (Table 1).

At the time of the first report of the trial,4 six subjects were
alive (Table 1, blue rows); of these #22 died of NB progression
at 30 months after last Imatinib and #20 died of unknown
cause 27 months after last Imatinib. Both of them were treated
with oral etoposide, whereas subject #10 never had NB
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progression but died of a second malignancy 62 months after
last Imatinib. Presently, at 10 years after the last Imatinib,
three subjects are alive and cured of NB. Subject #4 achieved
CR during Imatinib treatment and never relapsed
(Supplemental narrative), subject #6 relapsed locally and
after surgery is in continuous CR and subject#13 is in con-
tinuous CR after TVD rescue therapy (#13, #4 and #6,
Figure 1 and Table 1).

Plasma concentration of imatinib mesylate associated
with response/outcome

In the first report of the trial, correlation between Imatinib
mesylate exposure and response/outcome was established
using the median maximal plasma concentration (Cmax) at
first and second cycles.4 To better define the exposure asso-
ciated with response/outcome and identify a cut-off value, we
draw chart of the steady state area under the curve
(AUC1

0 ¼ ng*h/mL) at first and second cycle vs. a response
score of 3 for CR, 2 for partial response (PR), 1 for stable
disease (SD) and 0 for progression disease (PD). Recently, in

fact subjects achieving SD have been considered as
responder.16–18 As shown in Figure 2A and 2B, the charts
suggested that response associated with a steady state AUC1

0
value below 20.000 ng*h/mL at first cycle and below
35.000 ng*h/mL at second cycle, respectively.

Application of the cut-off values confirmed that subjects
that achieved CR or PR had significantly lower AUC1

0 levels
at first cycle than subjects that progressed (PD) (p = 0.049,
Figure 2C). It is interesting to note that subjects that achieved
SD had AUC1

0 levels similar to responders (Figure 2A and
2C). At the second cycles (Figure 2D), the differences in
AUC1

0 levels were not significant.
Since the median of the OS curve (Figure 1) is near

18 months, we then evaluated whether AUC1
0 levels at first

and second cycle associated with the 2-year survival. Subjects
alive at 24 months after the first Imatinib cycle had significantly
lowerAUC1

0 at the first cycle than those dead at that time point
(Figure 2E p = 0.035). No significant difference in outcome
occurred instead when considering AUC1

0 levels at second
cycle (Figure 2F). Taking together, these findings confirmed
that low AUC1

0 after an Imatinib mesylate dose of 170 mg/sqm
BID associated with response and favorable outcome.

Plasma levels of cytokines, CXCL12 and sb7-h6 did not
associate with clinical response

Based on the experience in subjects with GIST6,9,10 and on our
in vitro data7 regarding the off-target effect of Imatinib mesy-
late on NK cell activity, we then measured plasma levels of the
pro-inflammatory and immune-suppressive cytokines IFN-γ,
TNF-α, TGF-β, IL-10 (secreted by activated NK cells and
monocyte/macrophages), CXCL12 (the ligand of CXCR4)
and of sB7-H6 (the ligand of the NK activating receptor
NKp30).

Plasma samples collected at study entry, after the first and
second Imatinib mesylate cycle were available from 13 sub-
jects, whose exposures were representative of the entire cohort
(Supplemental Figure 1). In all the 13 subjects, the measured
plasma levels after Imatinib mesylate first and second cycle
were not significantly different from those at study entry

Figure 1. Kaplan-Meier plot of overall and progression-free survival after the first
imatinib mesylate of the 24 subjects with relapsed/refractory NB enrolled in the
EudraCT: 2005–005778-63 trial.

Table 1. Clinical update on the fourteen subjects enrolled in the trial that did not progress during the first two cycle of Imatinib mesylate.

Enrollment
number Status pre Imatinib

Disease status pre Imatinib (PT,
B-BM, 123mIBG) *

Imatinib
cycles

Best
response

Time to progression from last
Imatinib (months)

Rescue
Therapy°

State at follow-
up (2017)

22 PR after 1° line therapy PT, B-BM, multiple 14 PR 1 VP16 Dead
9 PR after 1° line therapy BM, one 12 CR 1 VP16 Dead
10 PR after 1° line therapy PT, multiple 8 SD - none Dead (a)

8 PR after 2° line therapy PT, B-BM, multiple 29 PR 1 VP16 Dead
12 PR after 2° line therapy PT, B, multiple 4 SD 4 none Dead
13 PR after 2° line therapy PT, BM, multiple 12 CR 3 TVD Alive
15 PR after 2° line therapy PT, BM, multiple 12 CR 1 TEMIRI Dead
11 PR after 2° line therapy B/BM, two 2 SD 1 VP16 Dead (b)

7 PR after 2° line therapy B, multiple 3 SD 1 none Dead
14 PR after 2° line therapy B, one 4 SD 1 VP16 Dead
20 Resistant relapse PT, tumor 4 SD 12 VP16 Dead
17 Resistant relapse BM, one 6 CR 1 VP16 Dead
4 Untreated relapse PT, B-BM, multiple 12 CR – none Alive
6 Untreated relapse PT, tumor 6 SD 4 surgery Alive

Patients highlighted in blue were alive at the time of the first report of the trial 4.
* PT = presence of primary tumor, B = presence of bone metastasis, BM = presence of bone marrow metastasis, number of 123mIBG spots.
° VP16 = oral etoposide, TVD = Topotecan/Vincristine/Doxorubicine, TEMIRI = temozolomide-irinotecan
(a) This patient died of myelodisplastic syndrome with evolution to acute leukemia; (b) This patient died of a second malignancy (leukemia).
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Figure 2. Association between imatinib mesylate exposure and response/outcome. A) Chart of steady state AUC10 at first cycle of treatment versus response score
(CR = 3, PR = 2, SD = 1 and PD = 0). B) Chart of steady state AUC10 at second cycle of treatment versus response score. Each subject is indicated by the same symbol
in the two graphs. C) Box-plot of AUC10 at first cycle in responsive (CR+PR, blue), SD (yellow) and PD (red) subjects. D) Box-plot of AUC10 at second cycle in
responsive (CR+PR, blue), SD (yellow) and PD (red) subjects. E) Box-plot of AUC10 at first cycle in subjects alive (blue) and dead (red) at 24 months after first Imatinib
mesylate. F) Box-plot of AUC10 at second cycle in subjects alive (blue) and dead (red) at 24 months after first imatinib mesylate.
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(Figure 3). The pro-inflammatory IFN-γ and TNF-α were
undetectable in all except one subject, whereas TGF-β, IL-
10, CXCL12 and sB7-H6 levels covered a wide range.
However, no significant correlation between these parameters
and response or outcome was found (Supplemental Figure 2
and 3, respectively).

Accordingly, CXCL12 and CXCR4 mRNA levels after
Imatinib mesylate second cycle were not significantly different
from those at study entry, in both PB and BM samples
(Supplemental Figure 4A-D), and no association between
mRNA levels and outcome was found (Supplemental
Figure 4E-H).

Ratio of NKp30 isoforms did not associate with clinical
response

The NKp30 activating receptor can be assembled starting
from three different mRNA isoforms. NKp30 isoforms A
and B deliver cytotoxic signals through secretion of IFN-γ
and TNF-α, whereas isoform C deliver immune-suppressive
signal through the secretion of IL-10.6 The expression levels of
the NKp30 mRNA isoforms and the ratio between isoforms A
or B and isoform C was shown to be predictive of Imatinib
mesylate efficacy in subjects with GIST.9,10 We thus evaluated
NKp30 isoform mRNAs in PB and BM samples taken at study
entry and after two Imatinib mesylate cycles.

In PB samples, expression of NKp30 mRNA isoforms was
not significantly modified by Imatinib mesylate treatment
(Figure 4A, 4C and 4E), whereas in BM samples expression
of all three isoforms significantly increased (Figure 4B, 4D
and 4F), demonstrating an in vivo effect of Imatinib mesylate
on the NK cells present in the BM compartment. It is inter-
esting to note that at study entry all NKp30 isoform mRNA
levels in BM were lower than in PB, confirming a previous
observation in high-risk NB subjects.11

NKp30 isoform levels did not associate with response
(Supplemental Figure 5) in accordance with a previous obser-
vation in subjects with high-risk NB.11 The ratio of NKp30
isoforms (ΔAB, ΔAC and ΔBC) was not modified by Imatinib
mesylate treatment (Supplemental Figure 6), and no associa-
tion with response was found, both in PB and BM samples
(Figure 5).

Discussion

Among the 24 subjects with relapsed/refractory NB enrolled
in the Imatinib mesylate study EudraCT: 2005–005778-63, we
obtained five CR (21%) and two PR (8%), with six subjects
alive at 18 months after Imatinib mesylate, including one in
complete remission (CR) without any further treatment.4

Here, we report that three of these subjects are still alive
10 years after the first Imatinib mesylate cycle. One never
relapsed, one relapsed locally and after the surgical resection
of the tumor is free of NB, and the third progressed, but after
rescue therapy with topotecan+vincristine+doxorubicin, is
also free of NB. A fourth subjects was cured from NB but
died of a second malignancy. Thus, the 10-year overall survi-
val achieved in this chemotherapeutic trial (12.5%) is

suggestive of prolonged Imatinib efficacy in some subjects
with relapsed/refractory NB.

At the time of the first report, response/outcome appeared
to associate with low tumour burden and quite surprisingly
with low Imatinib mesylate exposure.4 Here, the associations
between low Imatinib mesylate exposure and response or
favourable outcome have been confirmed by using a different
method. It is interesting to note that the association was
significant when the dose of 170 mg/sqm BID, used during
the first cycle of treatment, was considered. These findings are
in accordance with the in vitro study demonstrating that high
doses of Imatinib mesylate have detrimental effects on cells of
the innate immunity.7

Since in subjects with GIST Imatinib mesylate efficacy asso-
ciated with high levels of IFN-γ6, low levels of sB7-H6 and low
NKp30 mRNA isoform ΔBC ratio,9,10 we evaluated in samples
collected during the EudraCT 2005–005778-63 trial whether
these surrogate markers could predict response also in subjects
with relapsed/refractory NB. Unfortunately, none of these sur-
rogate markers was predictive of response/outcome.

Inmost of the enrolled subjects, plasma levels of sB7-H6 were
below the limit of detection of the commercial ELISA assay.
Although NB cells express B7-H6 mRNA and sB7-H6 has been
measured in a fraction of children with NB,11 it is unknown
whether it is massively released from the cell membrane as
occurring in GIST cells,10 or in variable way as occurring in
ovarian cancer.19 However, the possibility that the sensitivity of
the commercial ELISA was lower than the home-made one used
for subjects with GIST10 cannot be ruled out.

As for the ratio of NKp30 mRNA isoforms, the levels of all
three mRNA isoforms significantly increased in BM after treat-
ment, demonstrating that the off-target effect of Imatinib mesy-
late on NK cells may occur in vivo. The lower BM expression
levels measured at study entry as compared to PB levels, already
described in subjects with metastatic NB,11 may be due to a
lower expression of activating receptor by BM-derived NK cells
or to a lower frequency of NK cells in the BM space. Since BM is
the elective metastatic site for NB,8 the second hypothesis
appears to be more likely, also because the expression of all
three isoforms increased after Imatinib treatment, suggesting
the occurrence of an increased recruitment of NK cells, each
one harbouring a different NKp30 isoform. This event was
possibly supported by the increased surface levels of CXCR4
protein in PB-derived NK cells, as observed in vitro.20

As for the lack of association between NKp30 ΔBC and
response/outcome, this may be dependent on the small num-
ber of samples tested. In fact, NKp30 ΔBC was predictive of
response/outcome in subject with high-risk NB without BM
metastatic disease after induction chemotherapy.11 However,
the possibility that BM disease and/or the occurrence of NB-
mediated immunosuppressive mechanisms had damped NK
cell function21 cannot be ruled out.

We also tested plasma for pro-inflammatory or immune-
stimulatory cytokines released by cells of innate immunity, as
well as for CXCL12, the main attractor of immune cells into
the BM space20 and the ligand of CXCR4, up-regulated by low
doses of Imatinib mesylate in vitro.7 None of these parameters
was significantly modified by Imatinib mesylate treatment at
either 170 or 300 mg/sqm BID. Most importantly, no
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Figure 3. Plasma levels of IFN-γ (A), TNF-α (B), TGF-β (C), IL-10 (D), CXCL12 (E) and sB7-H6 (F) measured in 13 subjects, at study entry (basal) and after 1 or 2 cycles
of imatinib mesylate. Each subject is indicated by the same symbol in all graphs.
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Figure 4. Expression levels (Log 2-delta Cq) of NKp30 receptor mRNA isoform A (A, B), isoform B (C, D) and isoform C (E, F) evaluated in PB samples (A, C, E) and BM
samples (B, D, F), at study entry (basal) and after 2 cycles of Imatinib mesylate in 7 subjects. Each subject is indicated by the same symbol in all graphs.
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Figure 5. Box-plot of NKp30 ΔAB (A, B), ΔAC (C, D) and ΔBC (E, F), evaluated in PB samples (A, C, E) and BM samples (B, D, F) in responsive (CR+ PR, response, blue)
and no responsive (SD + PD, progression, red) subjects, using data measured after 2 cycles of Imatinib mesylate. Δ was calculated according to the formula ΔNKp30x
NKp30y = CqNKp30y – CqNKp30x.
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association was found between plasma level and response/
outcome for any of these parameters, thus excluding a pre-
dictive power of Imatinib efficacy in subjects with relapsed/
refractory NB for all of them.

In conclusion, given the very limited number of new
drugs available for pediatric subjects with solid tumors,22,23

the 10-year survival rate achieved with Imatinib mesylate in
subjects with relapsed/refractory NB, together with the high
tolerability and minor toxicity 4, supports its inclusion into
new treatment programs for these subjects 18. A new trial
with a dose of 170 mg/sqm BID would possibly allow cells
of innate immunity to drive an effective anti-NB response,
and a correct design of sample collection and analysis may
eventually lead to the identification of predictive markers of
Imatinib mesylate efficacy in subjects with relapsed/refrac-
tory NB.
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