
Article Not peer-reviewed version

Synergistic Antitumor Effects of 177Lu-

Octreotide Combined with an ALK

Inhibitor in a High-Risk Neuroblastoma

Xenograft Model

Arman Romiani , Daniella Pettersson , Nishte Rassol , Klara Simonsson , Hana Bakr , Dan Emil Lind ,

Aniko Kovacs , Johan Spetz , Ruth H Palmer , Bengt Hallberg , Khalil Helou , Eva Forssell-Aronsson *

Posted Date: 5 March 2024

doi: 10.20944/preprints202403.0251.v1

Keywords: Neurobastoma; Radionuclide therapy; Apoptosis; Somatostatin analog; Radiosensitization;

Combination therapy

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.



 

Article 

Synergistic Antitumor Effects of 177Lu-Octreotide 
Combined with an ALK Inhibitor in a High-Risk 
Neuroblastoma Xenograft Model 
Arman Romiani 1,2, Daniella Pettersson 1,2, Nishte Rassol 1,2, Klara Simonsson 1,2, Hana Bakr 1,2,3, 
Dan Emil Lind 2,4, Aniko Kovacs 2,5, Johan Spetz 1,2, Ruth H Palmer 2,4, Bengt Hallberg 2,4,  
Khalil Helou 2,6 and Eva Forssell-Aronsson 1,2,3,* 

1 Department of Medical Radiation Sciences, Institute of Clinical Sciences, Sahlgrenska Academy, University 
of Gothenburg, Gothenburg, Sweden 

2 Sahlgrenska Center for Cancer Research, Sahlgrenska Academy, University of Gothenburg, Gothenburg, 
Sweden 

3 Medical Physics and Biomedical Engineering, Sahlgrenska University Hospital, Gothenburg, Sweden 
4 Department of Medical Biochemistry and Cell Biology, Institute of Biomedicine, Sahlgrenska Academy, 

University of Gothenburg, Gothenburg, Sweden 
5 Department of Pathology, Institute of Clinical Sciences, Sahlgrenska Academy, University of Gothenburg, 

Gothenburg, Sweden 
6 Department of Oncology, Institute of Clinical Sciences, Sahlgrenska Academy, University of Gothenburg, 

Gothenburg, Sweden 
* Correspondence: eva.forssell_aronsson@radfys.gu.se 

Simple Summary: Patients with high-risk neuroblastoma often have poor prognoses and limited treatment 
options. Radiopharmaceutical treatment with 177Lu-labeled peptides that target somatostatin receptors on the 
neuroblastoma tumor cells have been proposed for therapy, as have inhibitors of the receptor tyrosine kinase 
anaplastic lymphoma kinase (ALK), which is frequently mutated in these patients. The aim of this study was 
to evaluate the effects of combining these two treatment modalities on overall tumor growth and induction of 
cell death in human neuroblastoma tumors grown in mice. Results show that the combination had greater 
effects on the tumors than the sum of the effects from the separate treatments, and also induced cell death in 
the tumor cells. Taking advantage of the tumor-seeking properties of both treatments, better treatment results 
of disseminated high-risk neuroblastoma may be achieved. 

Abstract: Neuroblastoma (NB) is a childhood cancer with heterogeneous characteristics, posing challenges to 
effective treatment. NBs express somatostatin receptors that facilitates the use of somatostatin analogs (SSTAs) 
as tumor-seeking agents for diagnosis and therapy. High-risk (HR) NBs often have gain-of-function mutations 
in the receptor tyrosine kinase anaplastic lymphoma kinase (ALK). Despite intensive multimodal treatment, 
survival rates remain below 40% for children with HR-NB. The aim of this work was to investigate the 
combined effect of the SSTA 177Lu-octreotide with the ALK inhibitor lorlatinib. Mice bearing human HR-NB 
CLB-BAR tumors were treated with lorlatinib, 177Lu-octreotide, combination of these pharmaceuticals or saline 
(control). Tumor volume was monitored and tumor samples were evaluated for cleaved caspase-3 and 
expression of 84 human genes involved in apoptosis. Combination treatment with 177Lu-octreotide and 
lorlatinib demonstrated synergistic antitumor effects. Increased number of cleaved caspase 3-positive cells was 
observed in tumors from mice treated with 177Lu-octreotide alone and in combination with lorlatinib. 
Modulation of Bcl-2 family gene expression was observed only in the presence of both 177Lu-octreotide and 
lorlatinib, with BID downregulated and HRK upregulated on days 2 and 7, respectively. The data suggests that 
ALK signaling pathway inhibition may contribute to radiosensitization in radionuclide therapy with 177Lu-
octreotide.  

Keywords: neuroblastoma; radionuclide therapy; apoptosis; somatostatin analog; ALK-inhibitor; 
radiosensitization 
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1. Introduction 

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase (RTK), a member of the insulin 
RTK family, which is expressed in the developing central and peripheral nervous system [1]. ALK 
dimerization, in response to ALKAL ligand binding, activates signaling pathways involved in 
various cellular processes, such as proliferation, transcription, growth, and survival [1]. Mutated, 
rearranged, or amplified ALK in a wide range of tumors acts as an oncogene. ALK overexpression 
has been identified in several tumor types, including ovarian cancer, breast cancer, and 
neuroblastoma (NB). Among newly diagnosed high-risk (HR) NB patients, ALK mutations or gene 
amplification occur in approximately 14% [2–4]. Previous studies have illustrated the cooperativity 
of ALK and MYCN, the major oncoprotein of HR-NB [5–7]. Despite intensive multimodal treatment, 
and significant improvements, survival rates remain less than 40% for children with HR-NB [8]. 

Lorlatinib is a potent ALK inhibitor (ALKi) that binds to the ATP binding site of the ALK kinase 
domain, preventing ALK downstream signaling [9]. Lorlatinib was FDA-approved in 2018 for 
treatment of ALK-positive metastatic non-small-cell lung cancer and has demonstrated robust 
antitumor effects in comparison with other ALKis [10–12]. Classified as a third-generation ALKi, 
lorlatinib demonstrates activity against several drug-resistant ALK mutations [11]. Phase I trials have 
been reported in patients with ALK-positive NB, both as monotherapy and in combination, with 
manageable toxicity profiles and antitumor effects [13,14]. Despite this, studies suggest that treatment 
with lorlatinib can still lead to drug resistance [15–18], strengthening the need to understand the 
underlying mechanisms of drug resistance and highlighting the need to identify combination therapy 
options.  

177Lu-[DOTA0,Tyr3]octreotide (177Lu-octreotide) is a radiopharmaceutical that binds to 
somatostatin receptors (SSTRs) [19–21]. Octreotide is a synthetic somatostatin analog (SSTA) with 
high affinity for SSTR2 [22]. 177Lu is a beta-emitting radionuclide with a half-life of 6.7 days. The range 
of the emitted electrons (Eβmax = 497 keV) is <2 mm in tissue, which is well suited for disseminated 
tumors [23–25]. The closely related radiopharmaceutical, 177Lu-octreotate, is FDA- and EMA-
approved for treatment of gastroenteropancreatic neuroendocrine tumors. Previous preclinical and 
clinical studies have demonstrated selective uptake and therapeutic potential from the use of 
radiolabeled SSTAs for SSTR-positive HR-NB, however, the modest therapy effect in some of the 
studies highlights the need for optimization of these treatments [26–29]. An ongoing phase II study 
with 177Lu-octreotate is now being conducted where an individualized treatment regimen is reviewed 
for children with relapsed HR-NB (Neuroblastoma-LuDO-N) [30].  

With the treatment-resistance properties of HR-NB, combination treatments with radionuclide 
therapy and ALKi could be beneficial. The aim of this work was to examine the effects of combination 
treatment with lorlatinib and 177Lu-octreotide on growth and expression of apoptosis-related genes 
in the tumors of NB-bearing mice. 
2. Materials and Methods 

2.1. Tumor Cell Line and Animal Model 

The study was performed with CLB-BAR (ALK gain of function, ∆exon4–11 truncated ALK; 
MYCN amplification) NB cells obtained from The Center Leon Berard, France under MTA. [31]. CLB-
BAR cells were cultured as previously described [26]. A mixture of matrigel (Corning, 354248, VWR, 
USA) and 1.5×106 CLB-BAR cells were injected s.c. into the flank of 5-6 weeks old female BALB/c 
nude mice (Janvier Labs, France). All animal experiments were approved by the Swedish Ethical 
Committee on Animal Experiments in Gothenburg (ethical reference number 2779-20) and carried 
out following guidelines from Animal Research: Reporting of In Vivo Experiments (ARRIVE). 
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2.2. Pharmaceuticals 

Lorlatinib (Selleckchem, Houston, Texas, United States) was formulated in 2% DMSO, 30% 
PEG300, and double-distilled water. The solution was prepared for oral gavage with 10 mg/kg for 
each mouse. 

177Lu-octreotide was prepared according to the manufacturer's requirements (ITG Isotope 
Technologies Garching GmbH, München, Germany). Instant thin layer chromatography (ITLC-SG, 
chromatography paper 50/PK, Varian, USA), with 0.1 M of sodium citrate as the mobile phase, was 
implemented to determine the radiochemical purity, which was above 97%. The specific activity of 
177Lu-octreotide was 66 MBq/µg, yielding approximately 0.47 µg peptide for 30 MBq 177Lu-octreotide. 
177Lu activity in each syringe was measured with an ionization chamber (CRC-15R, Capintec, Inc., 
New Jersey, USA) before and after injection, to determine the actual administered activity to each 
mouse. 

2.3. Treatment Regimens 

Tumor bearing mice were divided into four groups (n=10 mice/group). Mean tumor volume was 
480 mm3 (SEM=30 mm3) at treatment start. Groups were treated with either 1) lorlatinib via daily oral 
gavage (from day 0 to day 14), 2) with a single i.v. injection with 30 MBq 177Lu-octreotide on day 1, or 
3) a combination of both treatments. The fourth group acted as a control and received an i.v. injection 
with saline on day 1. 

Mouse weight and tumor volume was measured four times per week. Tumor volume was 
calculated based on measurements using digital calipers of the three perpendicular axes (a, b, and c) 
of the tumor:  𝑉𝑉 = 4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

3
.  

Three mice from each group were sacrificed on day 2 and three on day 7, and the remaining four 
mice in each group on day 14. At sacrifice, the animals were under anesthesia with 
pentobarbitalnatrium (vet. 60 mg/ml, Apotek Produktion & Laboratorier AB, Sweden) injected i.p. 
before cardiac puncture. Tumor samples from each time point (days 2, 7, and 14) were collected and 
divided into two parts, one placed in vials with formalin for immunohistochemical (IHC) analysis 
and the other freshly frozen in liquid nitrogen and stored at -80 ̊C for real-time reverse transcription 
polymerase chain reaction (qPCR) analysis. 

2.4. Immunohistochemical Analysis 

After fixation in formalin, tumor samples were embedded in paraffin, sectioned (thickness 4 
µm), deparaffinized, rehydrated, and processed with the DAKO EnVision FLEX antigen retrieval 
EDTA buffer pH 9 using the DAKO PT Link (PT Link, Denmark) [26]. IHC staining was performed 
with anti-cleaved caspase-3 (CC3) (1:100, #9661, Cell Signaling Technology, MA, USA). Digital 
images were captured with a 40× magnification using a Panoramic Scanner P250 from 3DHISTECH 
at Histocenter AB (Mölndal, Sweden), with software, CaseViewer, Slide Converter. 

IHC-scoring was implemented using the semi-quantitative Histoscore method:  

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = �(1 × % 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) + (2 × % 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) + (3 × % 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)�,  

calculated based on the assessment of the intensity of the staining (graded: 0, negative; 1, weak; 2, 
moderate; or 3, strong) and the percentage of positive cells. 

2.5. Gene Expression Analyses 

RNA was extracted from tumor samples using a phenol-chloroform method (RNeasy Lipid 
Tissue Mini Kit, QIAGEN, Valencia, USA). RNA purity, integrity, and concentration were assessed 
with a Nanodrop 1000 Spectrometer (Thermo Scientific) (260/280 > 1.8), Agilent 2100 Bioanalyzer 
(Agilent Technologies) (RIN >8), and a Qubit 3.0 Fluorometer (Thermo Fisher Scientific), respectively. 
cDNA was subsequently generated via reverse transcription (RT2 First Strand Kit, QIAGEN, 4 
Valencia, USA) and mixed with RT2 SYBR Green Mastermix (QIAGEN, Valencia, USA) before 
aliquoting in a 96-well RT2 Profiler PCR Array for human apoptosis (PAHS-012Z, QIAGEN, Valencia, 
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USA). Totally,  84 key genes involved in the apoptosis pathway were included, where 52, 24, and 8 
were classified as pro-apoptotic, apoptosis-related, and anti-apoptotic genes, respectively, classified 
according to the manufacturer and the Gene Ontology (GO) database. 

The cycle threshold (Ct) values obtained were converted to ∆Ct values based on the gene of 
interest versus the geometric mean of the housekeeping genes (ACTB, B2M, GAPDH, HPRT1, and 
RPLP0). Thereafter, the mean relative ∆∆Ct was calculated for each treatment in relation to the mean 
∆Ct of the vehicle control group. By implementing the 2–∆∆Ct method, treated vs. control, we obtained 
a fold change (FC) value for each gene [32]. Genes were defined as differentially expressed if |FC| > 
1.5.  

2.6. Statistical Analyses 

All calculations and statistical analyses were made with GraphPad Prism 9.4.1.681 (GraphPad 
Software, CA, USA) and Excel 2013 for Windows (Microsoft Corporation, WA, USA). The relative 
tumor volume (RTV) was determined individually for each mouse and time-point, and mean value 
and the standard error of the mean (SEM) were calculated for each group. One-way ANOVA was 
used for estimating the statistical differences regarding tumor volume between all groups throughout 
the treatment period. Student's t-test was applied for comparison between groups.  P < 0.05 was 
considered statistically significant different. 

A theoretical additive effect of both monotherapies was calculated based on The Bliss 
independence model [33,34]. Firstly, the fractional response, 𝐹𝐹, of each monotherapy was estimated 
in relation to vehicle control 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  1 −
𝑅𝑅𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

  

Subsequently, the theoretical additive effect was estimated 

𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐹𝐹 𝐿𝐿𝐿𝐿177 −𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 × 𝐹𝐹 𝐿𝐿𝐿𝐿177 −𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  

The theoretical value was calculated for days 4 to 14 and illustrated as a dashed line in Figure 
1C.   
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Figure 1. Effect of treatment with either lorlatinib (pink), 177Lu-octreotide (orange) or both in 
combination (green) in mice bearing human CLB-BAR NB xenografts on tumor volume (A-C) and 
body weight (D). Mice were treated with lorlatinib (daily gavage, 10 mg/kg), and/or 177Lu-octreotide 
(30 MBq i.v. on day 1) or i.v. injected with saline on day 1 (control) (n=10 mice/group on day 0). The 
effect of each monotherapy and the combination therapy is shown as mean tumor volume (mm3) (A) 
and relative tumor volume (RTV) (B). A theoretical additive effect was calculated using the Bliss 
independence model (Bliss C. 1939) and presented as a dashed line in (B). (C) The RTV-ratio 
(RTV/RTVcontrol) for all treated groups is shown. Three mice from each group were sacrificed (†) on 
day 2 and day 7, respectively, and the remaining four mice in each group were sacrificed on day 14. 
Whole body weight of each group is presented in (D). Error bars represent SEM, not always visible 
in (D) because of their low values, * indicates p<0.05 and *** p<0.0001. 

For mRNA expression analyses, Student's t-tests were applied to compare ∆Ct-values of 
deregulated genes post-treatment with vehicle control. p < 0.05 was considered statistically 
significant. 

For immunohistochemical analyses, a Jarque-Bera test for normality showed that the Histoscores 
for CC3 staining did not have a normal distribution (P-value < 0.001), possibly due to the low number 
of samples. Because of this, the non-parametric Kruskal-Wallis test with Dunn’s Multiple 
Comparison Test was used to compare differences between groups.   

3. Results 

3.1. Combination Therapy Gave the Largest Tumor Volume Reduction 

BALB/c nude mice with sc CLB-BAR NB xenografts were treated with either lorlatinib, 177Lu-
octreotide or both in combination over 14 days. Combined therapy with both lorlatinib and 177Lu-
octreotide yielded the greatest antitumor effect with a RTV of 0.39 at day 14 (Figures 1A-B). 
Corresponding RTV value at day 14 for lorlatinib monotherapy was 1.2. 177Lu-octreotide as 
monotherapy (i.v. injection at day 1) demonstrated an initial decrease in RTV compared to control, 
with the lowest RTV of 1.1 on day 4, after which RTV increased to 4.6 on day 14 and displayed similar 
tumor growth as control group from day 8 to 14. RTV decreased between days 1 and 4 by 7.1%, 9.8%, 
and 19% for 177Lu-octreotide monotherapy, lorlatinib monotherapy and combination therapy, 
respectively. The RTV in controls increased monotonic reaching 5.2 on day 14. Combination therapy 
showed a more prominent antitumor effect than the theoretical value of the additive effect of both 
monotherapies combined from day 6 (Figure 1B).  

To further illustrate the differences between each treatment versus control, we calculated the 
RTV ratio (RTVtherapy/RTVcontrol (RTV-ratio) over the 14 day treatment (Figure 1C). 177Lu-octreotide 
monotherapy resulted in a decrease in RTV-ratio on day 4 that continued until day 6 and then 
gradually increased. In contrast, the RTV-ratios of the lorlatinib and combination treatment groups 
decreased throughout the treatment period and reached 0.23 and 0.08 on day 14, respectively. One-
way ANOVA demonstrated a significant difference between all groups from day 4 to 14, with p<0.001 
at all studied time-points. No significant weight loss was observed in any group (Figure 1D). 

3.2. Changes in the Expression of Genes Involved in Apoptosis 

To better understand the effect of treatment on CLB-BAR xenograft growth we harvested tumors 
at days 2, 7 and 14 of treatment and performed qPCR analyses for 84 selected genes, including pro-
apoptotic genes (Figure 2) and anti-apoptotic and apoptosis-related genes (Figure 3). Lorlatinib 
treatment resulted in mRNA expression changes in 5 of the 79 detected transcripts from the 84 gene 
panel (|FC| > 1.5). In response to lorlatinib, all significantly regulated genes were down-regulated, 
two genes (TNFRSF9 and BIRC3) were found after 7 days and four genes (CASP8, CD40, BIRC3 and 
BNIP3L) were found 14 days post-treatment. Three pro-apoptotic genes were down-regulated in 
comparison with control: CASP8, CD40, and TNFRSF9 (Figure 2). BIRC3, categorized as anti-
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apoptotic, was down-regulated after 7 and 14 days (Figure 3). BNIP3L, categorized as apoptosis-
related, was down-regulated after 14 days (Figure 3). 

 

Figure 2. mRNA expression of 52 pro-apoptotic genes in tumor tissue (CLB-BAR) from mice treated 
with lorlatinib and/or 177Lu-octreotide, expressed as fold change (FC) relative to controls. Tumors 
were analysed from mice were sacrificed on day 2 (n=3), day 7 (n=3) or day 14 (n=4). Red and green 
colors represent down- and up-regulation, respectively, with |FC| > 1.5. Missing data are represented 
by gray color. 
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Figure 3. mRNA expression of 24 anti-apoptotic and 8 apoptosis related genes in tumor tissue (CLB-
BAR) from mice treated with lorlatinib and/or 177Lu-octreotide, expressed as fold change (FC) relative 
to controls. Tumors analysed were from mice sacrificed on day 2 (n=3), day 7 (n=3) or day 14 (n=4). 
Red and green colors represent down- and up-regulation, respectively, with |FC| > 1.5. Missing data 
are represented by gray color. 

Treatment with 177Lu-octreotide yielded expression changes in 9 unique genes of 79 detectable 
mRNAs (Figures 2-3). Six of the genes were classified as pro-apoptotic: BCL2AI, CASPI, FASLG, 
TNFRSF10A, TNFRSF1B, and TNFSF8. BCL2AI, CASPI, FASLG, and TNFSF8 (day 14) were down-
regulated, whereas TNFRSF10A, TNFRSF1B, and TNFSF8 (day 7) were up-regulated (Figure 2). Two 
of the genes were classified as anti-apoptotic, BCL2L10 and CD40LG, detected down- and up-
regulated, respectively. TP73, classified as apoptosis-related, was found down-regulated. 

Combination treatment with both lorlatinib and 177Lu-octreotide resulted in differential 
expression of 23 unique genes of 78 detectable mRNAs (Figures 2-3). In total 13 pro-apoptotic genes: 
BCL2LII, BID, CASP5, CASP8, CASP9, FAS, FASLG, GADD45A, HRK, LTA, LTBR, TNFRSF10A, and 
TNFRSF1B exhibited differences in expression (Figure 2); only BID and CASP8 were down-regulated, 
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while the remaining genes were up-regulated. CASP9 was up-regulated at both 2 and 7 days (Figure 
2). Seven anti-apoptotic genes: BCL2LI0, BCL2L2, BIRC3, CD40LG, CIDEA, IL10, and NOL3 were 
differentially expressed. Of these genes, IL10 was the only down-regulated gene, the remaining genes 
were up-regulated (Figure 3). CD40LG was commonly found up-regulated after 2 and 7 days (Figure 
3). Three apoptosis-related genes: BNIP3, BNIP3L, and TNF were down-regulated. 

Figure 4 illustrates the transcriptional response for the statistically significant regulated genes 
(|FC| > 1.5, p < 0.05). The presented genes are relevant in both intrinsic (BID, BNIP3L, CASP9, and 
HRK) and extrinsic (CASP8, CD40, FASLG, NOL3 and TNFRSF10A) apoptosis pathways. At 2 and 7 
days after treatment start, the majority of significantly regulated genes were found in the combination 
group, and most of them were pro-apoptotic. Most of the genes were also upregulated compared 
with the control group. This pattern was not observed at 14 d.  

 
 

Figure 4. mRNA expression of pro-apoptotic, anti-apoptotic and apoptosis-related genes in human 
NB tumor tissue (CLB-BAR) from mice treated with lorlatinib and/or 177Lu-octreotide, expressed as 
fold change (FC) relative to  controls, on day 2 (n=3), day 7 (n=3) or day 14 (n=4). Only differentially 
regulated genes with |FC| > 1.5 are presented. 

3.3. Immunohistochemical Analyses 

We next analyzed apoptosis at the protein level in treated tumors employing antibodies against 
cleaved caspase 3 (CC3). Immunohistochemical examination identified CC3-positive cells (with 
nuclear staining) at days 2 and 14 after treatment start (Figure 5). Overall, we observed an increase in 
CC3-positive cells (Histoscore) in tumors from treated mice, with the exception of lorlatinib on day 
2, with the highest Histoscore for combination-treated tumors on day 2. However, there was a large 
spread within the groups, and statistical significance was only observed at day 14 in the combination 
group. 
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Figure 5. (A) Immunohistochemical staining for cleaved caspase-3 (CC3) in CLB-BAR tumors, 2 and 
14 days post treatment. Lorlatinib was administered daily via gavage from day 0, 177Lu-octreotide was 
administered i.v. on day 1 in both the combination group and the monotherapy and the control were 
i.v. injected with saline on day 1. Numerous CC3-positive cells were found in all images, with the 
highest intensity (visually) in the treated groups. Scale bars equals 200 µm and 20 µm (40× magnified 
inserts), respectively. (B and C) Distribution of CC3 Histoscore in CLB-BAR tumors at 2 (B) and 14 
days (C) after treatment start for controls (blue), 177Lu-octreotide (orange), lorlatinib (pink) and both 
177Lu-octreotide and lorlatinib in combination (green). The mean Histoscore value was calculated for 
each group based on the intensity (graded: 0, negative; 1, weak; 2, moderate; or 3, strong) and the 
percentage of positive cells. Error bars represent SEM. * represents p<0.05 calculated using Kruskal-
Wallis test with Dunn’s Multiple Comparison Test. 

4. Discussion 

Lorlatinib, a third-generation ALK inhibitor, has emerged as a treatment alternative for ALK-
positive HR-NB [13]. Lorlatinib demonstrates enhanced activity and efficiency against ALK-
mutations compared to previous generations of ALKi [10–12]. Nevertheless, several studies have 
reported lorlatinib-resistance in response to treatment, emphasizing the need for a multimodal 
therapy approach [15–18]. Systemic treatment with radiolabeled SSTAs, e.g. 177Lu-octreotide, is 
successfully used for SSTR-overexpressing neuroendocrine tumors. To our knowledge, this is the first 
paper examining and reporting radiosensitization and synergistic antitumor effects in an ALK-
amplified and SSTR-positive HR-NB xenograft model with lorlatinib and 177Lu-octreotide.  
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The present study was performed on CLB-BAR cells with MYCN amplification and ALK gain-of 
-function that may represent high-risk neuroblastomas [31,35]. In the mice, the CLB-BAR tumor 
volume reduction was moderate after treatment with 177Lu-octreotide, which is consistent with results 
from a previous study in the same animal model, comparing effects of 177Lu-octreotide and 177Lu-
octreotate [36]. Although biodistribution and biokinetics were most favorable for 177Lu-octreotate, 
resulting in higher absorbed dose to tumor for 177Lu-octreotate, the tumor volume reduction was 
somewhat better for 177Lu-octreotide. It should be noted that the amount of 177Lu-labeled SSTAs in 
these studies were on purpose low to enable visualization of additive or synergistic effects. These 
moderate therapeutic effects despite high uptake and retention in NB compared with other 
neuroendocrine tumors in similar models are unexpected, since the therapeutic effects in such studies 
were much more dramatic, with possibility to eradicate the tumor totally [37–40]. CLB-BAR has a 
high proliferation rate and tumor growth curve compared with other neuroendocrine tumor models 
of, e.g., intestinal origin, which might influence the therapeutic response  [39]. Monotherapy with 
lorlatinib resulted in a cytostatic response. Thus, the present results are difficult to interpret, and may 
be related to certain properties in NB. Detailed signaling pathway analyses will be needed in order 
to understand the radioresistance in NB, and contribute to a better understanding, needed for future 
optimization of therapy with radiolabeled SSTAs. It is, however, clear that inhibition of ALK with 
lorlatinib may act to overcome some of the radioresistance in CLB-BAR NB cell xenografts. 

ALK signals via several downstream pathways, having a considerable role in e.g. cell cycle 
progression, survival, DNA repair, proliferation, and angiogenesis, via Ras-extracellular signal-
regulated kinase (Erk), PI3K-AKT-mTOR and Janus protein tyrosine kinase (JAK)-STAT [41–43]. 
However, how these signaling pathways are affected by irradiation, either alone or in combination 
with an ALKi, has not been explored. The present study demonstrated that treatment of CLB-BAR 
tumors with lorlatinib in combination with 177Lu-octreotide synergistically reduced tumor volume 
and resulted in elevated transcription of genes involved in apoptosis. Several studies suggest that 
inhibiting critical mediators of the DNA damage response (DDR) can enhance radiosensitivity [42,44–
47]. Dolman et al. demonstrated radiosensitization of NB cells by inhibiting the DNA-dependent 
protein kinase catalytic subunit (DNA-PKcs), playing a central role in the repair of DNA double-
strand breaks (DSBs) via non-homologous end-joining (NHEJ) [44]. Further, combination of 177Lu-
octreotate and a p53 stabilizing drug showed better therapeutic effects compared to momnotherapy 
in NB cell spheroids and NB xenografts on mice [48,49]. Altogether, these findings indicate a possible 
role for DNA repair inhibition in the enhanced response to 177Lu-octreotide combined with lorlatinib. 
Previous studies have illustrated the radiosensitizing effects of crizotinib, the first generation of 
ALKi, in combination with external radiation in ALK-positive non-small cell lung cancer (NSCLC) 
models [50,51]. The Akt kinase is one common mediator in both DDR and ALK pathways [52,53]. 
DNA damage sensors, e.g. DNA-PKcs, phosphorylate Akt in the DDR pathway due to, e.g. radiation 
induced DSBs [52]. Subsequently, phosphorylated Akt promotes NHEJ-mediated DSB repair and cell 
survival [52]. Hence, elevated levels of phosphorylated Akt is associated with malignant tumors and 
poor prognosis ([54,55]. Lorlatinib can, like crizotinib, aggravate NHEJ-mediated DSB repair by 
partially inhibiting Akt, a downstream signaling effector of ALK, and act as a radiosensitizer. 
However, a driving force in lorlatinib-resistance for HR-NB is activation of bypass pathways, such as 
EGFR, ErbB4, and RAS [15,56]. Other reported mechanisms causing ALKi-resistance are structural 
alterations in the kinase domain, leading to decreased binding of ALKi, as well as amplification of 
ALK [57]. Identifying the specific mechanisms underlying the drug-resistant properties that arise in 
response to ALKi treatments is essential for further treatment. In several patient case reports where 
relapse has occurred, multiple biopsies distributed throughout the treatment have been employed to 
modify the choice of ALKi to provide an optimal treatment strategy [58–61]. Of special interest is a 
case where an ALK-positive NSCLC gained resensitization to crizotinib after acquiring resistance to 
lorlatinib, highlighting the critical information provided via biopsies and the remarkable mechanisms 
behind ALKi-resistance [62].  

Given the well-documented heterogeneous properties of NB [63] it may be necessary to eradicate 
tumor cells via various targets, aiming to eradicate multiple sub-populations of tumor cells and thus 
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eliminate resistance. Based on our results, radiolabeled SSTAs may be a beneficial adjunctive 
treatment for disseminated SSTR-positive HR-NBs. Pilot trials with 177Lu-octreotate, an alternative 
SSTA, have shown varied results for NB patients, highlighting the need for optimization according 
to each patient's specific tumor characteristics [27–29]. In addition, to avoid under-treatment, the 
biokinetics of the radiopharmaceutical need to be investigated before the start of the treatment. In the 
ongoing phase II trial with HR-NB patients, LuDO-N, 68Ga-octreotide PET/CT examination will be 
used to determine activity levels of the two 177Lu-octreotate administrations, not exceeding mean 
absorbed dose levels to the organs at risk (23 and 2.4 Gy to kidneys and whole body, respectively) 
[30]. Combining this information with information regarding eventual gain-of-function ALK 
mutations to, if possible, determine an appropriate ALKi for combination therapy is a further step to 
individualize the treatment.  

The transcriptional response of the 84 genes involved in apoptosis provided another 
demonstration of the synergistic antitumor effect provided by the combination therapy. In total, 40 
genes were up- or down-regulated, with the strongest differential gene expression observed in the 
177Lu-octreotide/lorlatinib combination therapy arm in which 26 genes were modulated, compared 
with 10 in response to 177Lu-octreotide treatment, and only 4 with lorlatinib. Overall, a higher number 
of pro-apoptotic genes were up-regulated in the combination therapy at earlier time points, although 
more anti-apoptotic genes were also up-regulated at the same time. After statistical analysis of the 
∆Ct values (treated vs. control), only the combination treatment yielded a significant effect on the 
transcriptional response of genes within the Bcl-2 family (Table 1). Proteins of the Bcl-2 family are 
essential for apoptotic cell death in health and disease through different mechanisms [64–67]. 
Functionally categorized as pro-apoptotic or anti-apoptotic proteins within the Bcl-2 family, the 
imbalance of concentrations leads to cell survival or death [64,65]. Conversely, the tumor cells can 
continue their growth and progress if apoptosis can be inhibited, meaning that increased levels of 
anti-apoptotic proteins are associated with oncogenesis [65]. Our data demonstrated down-
regulation of BID (BH3-interacting domain death agonist) on day 2, and up-regulation of HRK 
(Harakiri, BCL2 interacting protein) on day 7, both classified as pro-apoptotic genes. BID encodes 
for a protein (Bid) that connects the extrinsic apoptotic pathway with the intrinsic [68]. Cleaved Bid 
is translocated to the mitochondria and induces cytochrome c release, subsequently promoting 
downstream caspase activation [68]. Hrk is a BH3-only protein, encoded by HRK, and regulates 
apoptosis by displacing Bim or Bid from anti-apoptotic Bcl-xL, also leading to cytochrome c release 
and caspase activation [65,69]. 

Table 1. Functional characterization of differentially regulated genes after treatment with either 
lorlatinib, 177Lu-octreotide, or both in combination. Differential gene expression is expressed as fold 
change (FC) relative to control. Only genes exhibiting |FC| > 1.5 and p<0.05 are presented. Lilac, 
yellow, and brown represent classification as pro-apoptotic, apoptosis-related, and anti-apoptotic 
genes, respectively. 

Gene Description Protein family  FC p Time after treatment 

CASP8 Caspase 8, apoptosis-
related cysteine peptidase 

Caspase family -1.62 0.0003 14 days, Lorlatinib 

CD40 
CD40 molecule, TNF 
receptor superfamily 

member 5 

TNF-receptor 
superfamily -2.34 0.0001 14 days, Lorlatinib 

BNIP3L 
BCL2/adenovirus 

interacting protein 3-like 

Pro-apoptotic 
subfamily within 
the Bcl-2 family 

-1.71 0.0001 14 days, Lorlatinib 

BIRC3 
Baculoviral IAP repeat 

containing 3 

Inhibition of 
apoptosis (IAP) 

family 

-1.67 
-2.08 

0.0218 
0.0005 

7 days, Lorlatinib 
14 days, Lorlatinib 

FASLG Fas ligand (TNF 
superfamily, member 6) 

TNF superfamily -1.60 0.0036 14 days, 177Lu-
octreotide 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 March 2024                   doi:10.20944/preprints202403.0251.v1



 12 

 

TNFRSF10A TNF receptor superfamily, 
member 10a 

TNF-receptor 
superfamily 

 1.91 0.0004 2 days, 177Lu-
octreotide 

TP73 Tumor protein p73 TP53 family -1.55 0.0380 
14 days, 177Lu-

octreotide 

BID 
BH3 interacting domain 

death agonist Bcl–2 family -1.62 0.0356 2 days, Combination 

CASP8 Caspase 8, apoptosis-
related cysteine peptidase Caspase family -1.78 0.0003 14 days, Combination 

CASP9 Caspase 9, apoptosis-
related cysteine peptidase Caspase family  1.83 

 1.96 
0.0011 
0.0103 

2 days, Combination 
7 days, Combination 

HRK 
Harakiri, BCL2 interacting 

protein (contains only 
BH3 domain) 

Bcl-2 family  3.02 0.0014 7 days, Combination 

TNFRSF10A 
TNF receptor superfamily, 

member 10a 
TNF-receptor 
superfamily  2.75 0.0254 2 days, Combination 

NOL3 
Nucleolar protein 3 

(apoptosis repressor with 
CARD domain) 

Down-regulates 
activities of caspase 

2, 8 and p53 
 1.64 0.0011 14 days, Combination 

Other genes with their associated protein families belonged to caspase, tumor necrosis factor 
(TNF), and p53. The caspase family executes cell death via a cascade of activations. Various members 
are involved in both the extrinsic and intrinsic apoptotic pathways, and are classified as initiator or 
effector caspases [65,70]. CASP8, encoding the initiator caspase-8 (extrinsic pathway), was down-
regulated on day 14 post-treatment with lorlatinib and the combination. Conversely, CASP9, 
encoding for the initiator caspase-9 (intrinsic pathway), was upregulated for the combination on days 
2 and 7. TNF and TNF-receptor (TNFR) superfamilies are involved in the extrinsic signaling pathway 
of apoptosis and are activated by ligand binding to receptors  [71]. Within the TNFR superfamily, 
TNFRSF10A was up-regulated on day 2 for both 177Lu-octreotide and the combination. Whereas CD40 
was down-regulated at day 14 for lorlatinib. FASLG, encoding for Fas ligand belonging to the TNF 
superfamily, was down-regulated on day 14 for 177Lu-octreotide. The tumor-suppressor family p53 is 
one of the most frequently mutated genes in cancer [72,73]; within this family, TP73 was 
downregulated on day 14 for 177Lu-octreotide. TP73 is involved in the regulation of, i.e., tissue 
development and inflammation [72,74]. 

Compared with two previous studies in a human small-intestine NET GOT1 mouse model 
where the transcriptional response was studied after treatment with 177Lu-octreotate, some genes are 
commonly found. For example, BNIP3L (apoptosis-related) was up-regulated 41 days after 
administration with 15 MBq 177Lu-octreotate. However, in the present study, BNIP3L was down-
regulated after lorlatinib treatment on days 7 and 14  [75]. Besides comparing different tumor types, 
the relatively large time difference between the GOT1 and the present study may suggest that the 
tumors were in different phases after treatment, tumor regrowth vs. tumor shrinkage, and explain 
differences in the transcriptional response. In another study on the GOT1 model BIRC3 (anti-
apoptotic) was up-regulated one day post-administration with 30 MBq 177Lu-octreotate [76], whereas 
it was down-regulated after lorlatinib treatment on days 7 and 14. A common up-regulation of the 
death receptor genes TNFSRSF10A and TNFSRSF10B, was also observed. TNFSRSF10A was up-
regulated on day 2 after the combination treatment (present study), while TNFSRSF10B was up-
regulated on days 1 and 7 post-treatment with 30 MBq 177Lu-octreotate in the GOT1 study.  

We complemented our gene expression analyses with immunohistochemistry for CC3 to study 
apoptosis at the protein level, as Caspase 3 has a central role in both apoptotic pathways as an 
executioner caspase. CC3 positivity was increased in response to treatment with the exception of 
lorlatinib on both day 2 and day 14, indicating an induction of apoptosis following treatment. 
However, the small sample size (n=3-4) and the large variability and non-normal distribution of the 
data resulted in only the combination treatment at 14 days having a statistically significant difference 
compared with control animals.  
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In future studies, it would be interesting to combine fractionated/repeated administration of 
177Lu-octreotide in combination with lorlatinib. In a previous study in the same animal model, we 
observed that fractionated administration of 177Lu-octreotate with short intervals resulted in a more 
prominent antitumor effect due to higher uptake in tumor cells because of recycling of SSTRs 
counteracting the likely SSTR saturation effects that prevail with single injection of higher amounts 
of SSTAs [36]. 

Treatment of HR-NB poses a challenge since most cases are diagnosed as an advanced, 
metastasized, and, therefore, inoperable disease. Although an intense treatment approach has been 
successful for certain patients, it is not always obvious which patients benefit most from them. And 
as the patient group is children, intensive treatments are avoided as much as possible because of the 
late effects. Hence, a multimodal approach could benefit two aspects: increased tumor control and 
mitigating side effects. Our study highlights the radiosensitizing nature of lorlatinib in NB-bearing 
mice. The fact that both treatments are systemic enables their combination in cases where the cancer 
have metastasized. Today, both lorlatinib and radiolabeled SSTAs are being studied separately in 
various phase I/II trials for HR-NBs, enabling the course for a possible combination for the cases 
where the prerequisites are met [14,30].  

5. Conclusions 

Synergistic antitumor effects were found when lorlatinib and 177Lu-octreotide treatment was 
combined in an HR-NB xenograft mouse model. Combination therapy also had a more significant 
impact on expression of genes involved in apoptotic processes. The data suggest that inhibiting ALK 
signaling plays a role in the radiosensitization of radionuclide therapy with 177Lu-octreotide, 
implying a potential for clinical application of combining ALKi with radiolabeled SSTAs for HR-NBs 
overexpressing SSTRs and ALK. 
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