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Abstract

Neuroblastoma is a common pediatric tumor characterized by clinical heterogeneity. Because it is 

derived from sympathetic neuroblasts, the NTRK family of neurotrophin receptors plays an 

integral role in neuroblastoma cell survival, growth, and differentiation. Indeed, high expression of 

NTRK1 is associated with favorable clinical features and outcome, whereas expression of NTRK2 

and its ligand, brain-derived neurotrophic factor (BDNF), are associated with unfavorable features 

and outcome. AZ64 (Astra Zeneca) is a potent and selective inhibitor of the NTRK tyrosine 

kinases that blocks phosphorylation at nanomolar concentrations. To determine the preclinical 

activity of AZ64, we performed intervention trials in a xenograft model with NTRK2-

overexpressing neuroblastomas. AZ64 alone significantly inhibited tumor growth compared to 

vehicle-treated animals (p = 0.0006 for tumor size). Furthermore, the combination of AZ64 with 

conventional chemotherapeutic agents, irinotecan and temozolomide (irino–temo), showed 

significantly enhanced anti-tumor efficacy compared to irino–temo alone [(p < 0.0001 for tumor 

size, p < 0.0005 for event-free survival (EFS)]. We also assessed the combination of AZ64 and 

local radiation therapy (RT) on a neuroblastoma hindlimb xenograft model, and the efficacy of 

local RT was significantly increased when animals were treated simultaneously with AZ64 (p < 

0.0001 for tumor size, p = 0.0006 for EFS). We conclude that AZ64 can inhibit growth of NTRK-

expressing neuroblastomas both in vitro and in vivo. More importantly, it can significantly 

enhance the efficacy of conventional chemotherapy as well as local RT, presumably by inhibition 

of the NTRK2/BDNF autocrine survival pathway.
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Background

Neuroblastoma is a common pediatric tumor of the sympathetic nervous system, and it 

provides an excellent model to study the consequences of NTRK signaling and inhibition in 

cancer [5]. Neuroblastomas are characterized by clinical heterogeneity, from spontaneous 

regression in infants to relentless progression in older children. The prognosis for older 

patients with advanced disease remains poor, with 3-year event-free survival (EFS) 

probabilities of 30–40 % [21, 39, 41]. Neuroblastomas can be classified into distinct 

molecular subsets based on genetic alterations and biologic features [4], and the expression 

of specific NTRK receptors likely contributes to these distinct behaviors [5, 34, 47–49, 56, 

59, 64].
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Neurotrophin signaling through the TRK family of receptor tyrosine kinases plays a critical 

role in the development and maintenance of the central and peripheral nervous systems. 

Activation of TRK receptors regulates cell survival, proliferation, migration, differentiation, 

and apoptosis. TRK receptors exert this influence by modulating the responses of neurons to 

neurotrophic factors in a temporally and spatially regulated manner. TrkA (NTRK1) is the 

only receptor for nerve growth factor (NGF), TrkB (NTRK2) binds both brain-derived 

neurotrophic factor (BDNF) and neurotrophin-4 (NT4), and TrkC (NTRK3) is the primary 

receptor for neurotrophin-3 (NT3), although NT3 can also bind to and activate TrkA and 

TrkB [2, 3, 30, 31].

TrkA expression in neuroblastomas mediates neuronal differentiation, growth arrest, and 

inhibition of angiogenesis in response to NGF [14, 36]. In contrast, unfavorable 

neuroblastomas usually express TrkB and its ligand BDNF, which together comprise an 

autocrine/paracrine survival pathway [1, 40, 49]. These tumors typically have gross 

chromosomal aberrations including amplification of the MYCN proto-oncogene. The TrkB/

BNDF pathway promotes cell survival, protects cells from injury, and inhibits 

chemotherapy-mediated cell death [27, 29, 43]. Although a number of genes are likely 

involved in the development and clinical behavior of favorable and unfavorable 

neuroblastomas, the pattern of TRK gene expression (especially expression of TrkA or 

TrkB) clearly plays a role.

Previously, we showed that inhibition of the TRK signaling pathway with indolocarbazole 

derivatives from Cephalon, Inc. (CEP-751, CEP-2563, CEP-701/lestaurtinib) [19, 44, 45, 

58] could inhibit growth of neuroblastoma cells in vitro and in vivo [17, 18, 27, 28]. Indeed, 

there is evidence of lestaurtinib activity in a phase 1 trial as a single agent in patients with 

recurrent/refractory disease [46]. However, this agent is not moving forward in clinical 

trials, so other TRK inhibitors need to be investigated. AZ64 (Astra Zeneca, Inc.) is an 

active, orally available, small molecule kinase inhibitor with nanomolar potency against 

TrkA, TrkB, and TrkC. We wanted to test the effect of AZ64, alone or in combination with 

other treatments, in neuroblastoma cell lines growing in vitro and in a xenograft mouse 

model to determine its potential utility as a targeted therapy for this disease.

Materials and methods

Compounds

AZ64 (Astra Zeneca) AZ64 was developed as a potent and selective inhibitor of Trk receptor 

tyrosine kinases, with a Ki for TrkA and TrkB of <2.0 ± 0.25 nM. The kinase specificity and 

selectivity for AZ64 was evaluated against a panel of 177 kinases and showed a high degree 

of specificity to Trk with only 11 enzymes having inhibition at 500 nm. Subsequent testing 

with AZ64 further demonstrated selectivity with IC50 values of 0.2 nM against TrkA and 2 

nM against TrkB, and IC50 values corresponding to 30 nM for FGFR1 and 33 nM for 

CDK2/cyclinE, respectively. These results suggest AZ64 is a potent and selective Trk 

inhibitor with at least a ~15-fold selectivity window against other known RTK targets and 

strongly suggests Trk receptors are the primary drug target of AZ64 at physiologically 

relevant concentrations.
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AZ64 was formulated in 0.5 % HPMC. 0.5 % Methyl cellulose powder (Methocel K4 M 

prep, Dow Chemicals) was slowly added to the 0.1 % tween 80 solution in water, stirred 

overnight, and stored at 4 °C (0.5 % HPMC). A hand sonicator (Sonic Dismembrator model 

100, Fisher Scientific) was used to get the compound into a fine particle suspension in 0.5 % 

HPMC. Fresh batches of suspension were made for each dosing. Animals were dosed by 

oral gavage at 100 mg/kg twice daily (Monday to Friday) and once daily on Saturday and 

Sunday. Vehicle alone or saline was used as the control.

Irinotecan (irino) was given at a dose of 0.63 mg/kg daily by oral gavage Monday to Friday 

of each week. Temozolomide (temo) was given at a dose of 7.5 mg/kg daily by oral gavage 

Monday through Friday of each week. The same doses were used when combined with 

AZ64. Both irino and temo were resuspended in saline for the oral gavage. All 

chemotherapy agents other than AZ64 were obtained through the pharmacy at the Children’s 

Hospital of Philadelphia (CHOP). The doses used above were based on published studies 

and modified based on our own experience with these drugs in our xenograft model system 

[27, 28].

Cell lines

For the xenograft tumor studies, we used SY5Y-TrkB (BR6), a subclone of SY5Y 

transfected with TrkB that expresses this receptor at high levels [27]. This line does not 

express detectable levels of the TrkAIII isoform [60]. In vitro studies were confirmed with 

SY5Y-TrkA (P23A), a subclone of SY5Y transfected with TrkA, as well as the SY5Y 

parental line as a Trk-negative control (SY5Y) [27, 49]. Cells were grown in RPMI-1640 

medium containing 10 % fetal bovine serum with or without 0.3 mg/ml G418 and 

maintained in 150 cm3 Corning culture flasks in a humidified atmosphere of 95 % air and 5 

% CO2. Cells were harvested using 0.2 % tetrasodium EDTA in phosphate-buffered saline 

(PBS).

In vitro experiments

To determine the effect of AZ64 on the Trk-null SY5Y, TrkA-expressing SY5Y-TrkA, and 

the TrkB-expressing SY5Y-TrkB, cells were grown in 10-cm3 dishes to 70–80 % 

confluency in standard culture medium and harvested for protein extraction. We analyzed 

Trk expression by Western blot using an anti-phospho-Trk antibody (Phospho-TrkA, 

Tyr-490 antibody; Cell Signaling Technologies, Danvers, MA) or an anti-pan-Trk antibody 

(Santa Cruz Biotechnology, Inc.; Santa Cruz, CA). We exposed cells to NGF (for TrkA) or 

BDNF (for TrkB) for 15 min in the absence or presence of increasing concentrations of 

AZ64 to determine the concentration that achieved 50 % inhibition of receptor 

phosphorylation (IC50). RT-CES analysis was done to determine the effect of AZ64 on 

growth. 2 × 104 cells were plated per well of the RT-CES E-plates. After about 24 h, cells 

were treated with different concentrations of AZ64 for 1 h, followed by addition of 100 

ng/ml of ligand (NGF or BDNF). Cell growth was monitored for 6 days. Similar 

experiments were carried out under low serum conditions, where 24 h after plating, the 

medium was changed to 2 % serum RPMI, and cells were treated as mentioned above and 

growth monitored. All the in vitro experiments were repeated at least 3 times.
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Animals

Six-week-old athymic nu/nu mice were obtained from Charles River Laboratories. Mice 

were maintained at five per cage under humidity- and temperature-controlled conditions in a 

light/dark cycle that was set at 12-h intervals. We assessed animals for toxicity by 

examining behavior daily, weight gain/loss 2–3 × a week, appearance of skin, and blood 

counts before treatment and after 1 and 4 weeks of treatment. We examined tissues in 

treated mice for gross signs of toxicity (e.g., brain, peripheral nervous system, liver, and 

pancreas) at the time of killing and tumor removal. Abnormal tissues based on size or 

appearance were examined microscopically, if found. The Institutional Animal Care 

Committee of the Joseph Stokes, Jr. Research Institute at CHOP approved the animal studies 

described herein.

In vivo experiments

For the xenograft studies, animals were injected in the flank with 1 × 107 SY5Y-TrkB cells 

in 0.3 ml of Matrigel (BD Bioscience, Palo Alto, CA). Tumors were measured 2 times a 

week in 3 dimensions, and the volume was calculated as follows: [(d1×d2×d3) × p/6]. Body 

weights were determined twice a week, and the dose of compound was adjusted accordingly. 

Treatment with AZ64 was started about 10 days after tumor inoculation when the average 

SY5Y-TrkB tumor size was 0.2 cm3. For local radiation therapy (RT) experiments, 5 × 106 

SY5Y-TrkB cells were injected in the right hindlimb, and treatment was started when the 

average tumor size was 0.1 cm3. External beam RT was delivered as a single dose of 4 Gy, a 

treatment regimen previously determined to inhibit growth but not eradicate the tumor.

Statistical analysis

Comparisons of tumor size results were analyzed by two-sample Student t test. Comparison 

of tumor size change over time was analyzed by linear mixed models. For event-free 

survival (EFS) life-table analysis, an event was defined as tumor size that exceeded 3 cm3 or 

any evidence of animal discomfort resulting from the tumor or the treatment. Kaplan–Meier 

curves were estimated and compared between groups by log-rank test. All analyses were 

conducted using SAS-9 or Stata-8.

Results

Effect of AZ64 on TrkB activation in vitro

We first tested the ability of AZ64 to inhibit Trk phosphorylation induced by exogenous 

NGF or BDNF in the SY5Y-Trk-transfected neuroblastoma lines. There was very little Trk 

phosphorylation seen at steady state in the absence of exogenous NGF/BDNF (Fig. 1a). 

However, there was intense phosphorylation of Trk by 15 min after the addition of 

exogenous ligands in the absence of AZ64. Increasing concentrations of AZ64 progressively 

inhibited this ligand-induced Trk phosphorylation. We saw substantial inhibition of 

phosphorylation at 3–30 nM AZ64, with almost complete inhibition between 30 and 100 

nM. Increasing concentrations of AZ64 did not affect the growth of parental SY5Y cells. No 

significant difference was seen between the control and treatment groups (Fig. 1b). SY5Y-

TrkB cells showed more inhibition with lower concentrations of AZ64 in 2 % serum media 
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versus the complete media (Fig. 1c). The IC50 for SY5Y-TrkB cells was between 30 and 

100 nM in media with 2 % serum.

Effect of single-agent AZ64 on SY5Y-TrkB neuroblastoma xenografts

We tested the ability of AZ64 to inhibit SY5Y-TrkB cells growing as xenografts in athymic 

nu/nu mice. We injected 1 × 107 cells subcutaneously in the flank of nude mice. We initiated 

treatment when the tumors measured 0.2 cm3, usually 10–14 days from inoculation. We 

treated mice (10 per group) with either AZ64 or vehicle twice a day (Monday to Friday) and 

once a day on Saturday and Sunday, and tumors were measured twice a week. There was a 

significant difference in the tumor growth rate for AZ64 versus vehicle, when AZ64 was 

used as a single-agent therapy (p = 0.0006) (Fig. 2a). Furthermore, analysis of TrkB 

phosphorylation status of the tumors shows substantial inhibition of Trk phosphorylation in 

tumors from mice treated with AZ64 (Fig. 2b, c).

Effect of AZ64 in combination with irino–temo on SY5Y-TrkB xenografts

The combination of irino–temo was recently developed to treat for recurrent 

neuroblastomas. To determine whether AZ64 co-treatment enhanced the effect of 

conventional chemotherapy agents, we treated groups of mice with either vehicle, AZ64, 

irino–temo, or both irino–temo and AZ64. Tumors treated with the combination of irino–

temo plus AZ64 grew significantly more slowly than with either chemotherapy or AZ64 

alone (p < 0.0001; Fig. 3a). This resulted in a 75 % EFS by day 28 in the combination 

group, which was significantly better than all other groups (p < 0.0005; Fig. 3b). Thus, co-

treatment with AZ64 significantly enhanced the effect of paired-agent chemotherapy. 

Furthermore, this was achieved without additional toxicity.

Effect of AZ64 in combination with local radiation therapy (RT) on SY5Y-TrkB xenografts

To determine whether AZ64 co-treatment enhanced the effect of local RT, we treated groups 

of mice with either vehicle, AZ64, RT, or both RT and AZ64. Tumors treated with the 

combination of RT plus AZ64 grew significantly more slowly than with either RT or AZ64 

alone (p < 0.0001; Fig. 4a). The combination of RT + AZ64 resulted in a significantly better 

EFS by day 40 than vehicle or either treatment alone (p = 0.0006; Fig. 4b). Thus, co-

treatment with AZ64 significantly enhanced the effect of local RT, without additional 

toxicity.

Discussion

We and others demonstrated previously that NTRK receptors likely play a role in the 

heterogeneous clinical behaviors of neuroblastomas (reviewed in [6]). NTRK1/TrkA is 

expressed in favorable tumors that are likely to regress, differentiate, or respond well to 

modest therapy [34, 48, 50, 59]. On the other hand, NTRK2/TrkB is expressed in 

unfavorable tumors, particularly those with MYCN amplification [49]. These tumors 

coexpress the TrkB ligand, BDNF, creating an autocrine survival pathway that promotes 

drug resistance, angiogenesis, invasion, and metastasis [14, 27, 29, 40]. These data suggest 

that targeted therapy that inhibits NTRK signaling pathways, especially the NTRK2/TrkB 
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signaling pathway, could be an effective therapeutic strategy, either alone or in combination 

with conventional treatments.

Previously, we examined the potential role of lestaurtinib, a selective inhibitor of NTRK and 

FLT3 receptors, in the treatment of NTRK-expressing neuroblastoma cells in vitro and in a 

xenograft model [17, 18, 27, 28, 51]. Lestaurtinib also showed efficacy and limited toxicity 

in a phase 1 clinical trial conducted through the new approaches to neuroblastoma therapy 

(NANT) consortium [46]. However, lestaurtinib is not moving forward into further clinical 

trials, so we wanted to explore the suitability of alternative NTRK1 inhibitors in our 

preclinical model. AZ64 is a novel and potent Trk-selective inhibitor provided by Astra 

Zeneca. This compound inhibits Trk family kinases at nanomolar concentrations, and AZ64 

can be administered orally, which makes it appealing for clinical treatment. Another group 

has tested AZ64 in head and neck models [65]. Also, a related compound, AZ-23/AZ623, 

was found to inhibit neuroblastoma growth and was synergistic with topotecan [61, 66], but 

it was not being developed for clinical trials. No one has tested the efficacy of AZ64 in 

neuroblastomas, or the ability of a Trk inhibitor to enhance the efficacy of irino–temo, the 

chemotherapy regimen currently used for recurrent/refractory neuroblastoma patients. Also, 

no one had determined whether a Trk inhibitor could enhance the efficacy of local RT in a 

mouse xenograft model.

We showed that AZ64 dramatically inhibited the autophosphorylation of TrkA and TrkB 

(after ligand exposure), and it inhibited the growth of SY5Y-TrkB cells growing in vivo as 

xenografts in athymic nu/nu mice. We also showed that AZ64 significantly enhanced the 

efficacy of conventional chemotherapy (irino–temo) and local RT, without additional 

toxicity. These effects are presumably the result of blocking an important TrkB/BDNF 

autocrine survival pathway that is commonly found in advanced stage tumors, especially 

with MYCN amplification [49]. Thus, our results suggest that selective inhibition of the 

TrkB pathway could be an important adjunct to neuroblastoma treatment, and it is likely to 

be most effective when combined with other agents or modalities of proven value in 

neuroblastoma therapy. The fact that both lestaurtinib and AZ64 were effective as single 

agents in neuroblastoma xenografts and enhanced the efficacy of chemotherapy (and RT for 

AZ64) strongly suggests that their effect is mediated through the inhibition of the NTRK 

pathway, and not some off-target effect.

A variety of other cancers have rearrangements or aberrant expression of Trk genes. 

Rearrangement of a Trk gene was first identified in a colon cancer line, but Trk 

rearrangements have been identified in papillary thyroid carcinomas [7, 9, 22–24, 53], 

pediatric sarcomas and leukemias [32, 33, 35, 55], and secretory breast cancers [16, 38, 62]. 

However, these gene rearrangements probably result in oncogenic activation. Aberrant 

expression of apparently unrearranged Trk genes plays a role in the pathogenesis of NB as 

well as other tumor types. We showed previously that TrkB is expressed in unfavorable 

Wilms tumors, similar to NBs [15]. Also, TrkC is expressed in favorable medulloblastomas 

in a manner very analogous to TrkA expression in NBs [25, 26, 57]. Trk genes are also 

aberrantly expressed in medullary thyroid carcinomas [42], prostate cancers [20, 37, 52, 63], 

breast cancers [8, 10–13], and others [54]. Thus, rearrangement or aberrant expression of 

Trk genes clearly plays an important role in a variety of cancers. Therefore, targeted therapy 
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against NTRK family receptors should be beneficial for the treatment of a variety of 

pediatric and adult cancers, not just neuroblastoma.
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Fig. 1. 
a Effect of AZ64 on Trk phosphorylation induced by ligands. SY5Y cells were transfected 

with either TrkA (SY5Y-TrkA) or TrkB (SY5Y-TrkB), and cells were exposed to ligands 

(NGF or BDNF) in the absence and presence of increasing concentrations of AZ64. 

Maximal inhibition of ligand-induced autophosphorylation was seen by 30–100 nM. 1A. b 
Effect of AZ64 on growth of SY5Y cells (Trk-null) in medium with 2 % serum. Cells were 

cultured in RT-CES growth plates in the presence of BDNF. AZ64 from 3 to 300 nM had no 

effect on the growth of SY5Y cells in presence of BDNF, as assessed by RT-CES analysis. c 
Effect of AZ64 on growth of SY5Y-TrkB cells in medium with 2 % serum. Cells were 

cultured in RT-CES growth plates in the presence of BDNF and increasing concentrations of 
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AZ64. There was a dose-dependent inhibition of growth, with an IC50 between 30 and 100 

nM
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Fig. 2. 
a Effect of AZ64 as a single agent on SY5Y-TrkB xenografts. There was a significant 

difference in the inhibition of tumor growth with AZ64 treatment compared to a vehicle 

control (p = 0006). b Trk phosphorylation status in xenograft tumors. Control SY5Y-TrkB 

cells show a moderate level of steady-state phosphorylation that increases dramatically 

within 10 min after exposure to 100 nM BDNF in vitro (first two lanes). Xenograft tumors 

from mice treated with vehicle (N = 2) also show moderate levels of steady-state 

phosphorylation, but xenografts treated with AZ64 (N = 3) showed almost complete 

inhibition of TrkB phosphorylation. The bar graph to the right shows quantitation of TrkB 

phosphorylation, normalized to total TrkB expression of the two xenografted tumors treated 

with vehicle and the three xenografted tumors treated with AZ64. The error bars show 

standard deviations
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Fig. 3. 
a Effect of AZ64 alone or in combination with irino–temo on SY5Y-TrkB xenografts. 

Treatment of xenografts with AZ64 had a similar effect on inhibiting growth as treatment 

with irino–temo, but they were not significantly different from each other (p = 0.38). 

However, the combination of AZ64 plus irino–temo caused a much more dramatic and 

significant inhibition of tumor growth compared to either AZ64 or irino–temo alone (p < 

0.0001 for both). b Survival analysis. Mice were killed once their tumor size reached or 

exceeded 3 cm3. There was a significant and similar prolongation of survival for mice 

treated with either AZ64 or irino–temo alone compared to the vehicle control. However, the 

combination of AZ64 plus irino–temo significantly improved the EFS compared to that of 

animals treated with either treatment alone (p < 0.005). All animals in the single-agent arms 
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had to be killed by 28 days, whereas 75 % of mice in the combination group were still alive 

at 28 days
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Fig. 4. 
a Effect of AZ64 alone or in combination with local radiation on SY5Y-TrkB xenografts. 

Neuroblastoma xenografts were grown on the hindlimbs of mice and killed when they 

reached 1 cm3. Treatment with AZ64 had a similar effect on inhibiting growth as treatment 

with local radiation, and both were significantly different than the vehicle control (p < 

0.0001). However, the combination of AZ64 plus radiation caused a much more dramatic 

and significant inhibition of tumor growth compared to either AZ64 or radiation alone (p = 

0.0043 and p < 0.0001, respectively). b Survival analysis. There was a modest prolongation 

of survival for mice treated with AZ64 alone compared to the vehicle control, and there was 

a greater prolongation of survival with local radiation. However, the combination of AZ64 
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plus radiation significantly improved the EFS compared to that of animals treated with either 

treatment alone (p = 0.0006)
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