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Abstract 
Lundsten, S. 2022. Searching for Synergy. Radiosensitization of 177Lu-DOTATATE. Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1797. 
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Cancers presents a major health challenge, and there is a pressing need to develop new 
therapeutic strategies. Surgery, chemotherapy and radiation are the most commonly used 
treatments for cancer today. Radiation can be given as targeted radionuclide therapy (TRT), i.e., 
systemic administration of a radiolabeled cancer-targeting molecule. This is especially suitable 
for inoperable and disseminated tumors. 

177Lu-DOTATATE, a TRT directed against the somatostatin receptors (SSTRs), was recently 
approved for therapy of a subset of neuroendocrine tumors (NETs). Although it has prolonged 
the life of NET patients, complete remission is seldom achieved. Consequently, to increase 
the efficacy of the treatment, this thesis aimed to assess potential radiosensitizing strategies 
for 177Lu-DOTATATE. The two radiosensitization targets in focus were HSP90, a chaperone 
protein with numerous oncogenic client proteins, and p53, a central regulator of DNA damage. 

In papers I and II, we investigated the HSP90-inhibitor Onalespib, as a treatment for NETs, 
and as a potential radiosensitizer. The drugs were assessed in vitro and in vivo. We concluded 
that Onalespib reduced NET cell growth and acted synergistically with 177Lu-DOTATATE. 
Inhibition of EGFR, a HSP90 client protein, was suggested as a mediator of the observed 
synergy. Furthermore, the combination had a favorable toxicity profile. 

In paper III, we assessed the novel stapled peptide VIP116, which inhibits the p53 repressors 
MDM2 and MDM4, as a potentiator of 177Lu-DOTATATE in wildtype p53 neuroblastoma cells. 
Combination therapy exhibited growth-inhibitory effects, with resulting additive or synergistic 
effects. The treatment-mediated effects on p53 signaling were characterized, revealing a 
possible involvement of V-myc myelocytomatosis viral oncogene homolog, neuroblastoma 
derived (MYCN), a prognostic marker for poor survival in neuroblastoma. 

In paper IV, we aimed to improve targeted delivery of VIP116, with the use of lipid 
bilayer disks (lipodisks). VIP116 was successfully loaded onto epidermal growth factor receptor 
(EGFR)-targeting lipodisks, leading to specific delivery and reduction of viability of EGFR 
expressing tumor cells. The study provided a proof-of-concept for utilizing lipodisks as a drug 
delivery system for p53-stabilizing peptides. 

In conclusion, we have investigated, and found, suitable candidates for potentiating 177Lu-
DOTATATE therapy. We have addressed the feasibility of the treatments, toxicity and targeted 
delivery. Moreover, the work has explored the biology of TRT. This is an area in need of 
more attention, as more and more radionuclide-based therapies are entering clinicals trials and 
reaching approval. 
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AKT Protein kinase B 

ALK Anaplastic lymphoma kinase  

ATM Ataxia-telangiectasia mutated 

Bcl-2 B-cell lymphoma 2 

CDK cyclin-dependent kinase 

DDR DNA damage response  

DNAPKcs DNA-dependent protein kinase, catalytic subunit 

DOTA Dodecane tetraacetic acid 

DOTATATE DOTA-Tyr3-octreotate 

DSB Double strand break 

EBRT External beam radiotherapy 

ECM Extra-cellular matrix 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 

EPR Enhanced permeability and retention 

H2AX H2A histone family member X 

HDM2 See MDM2 

HER2 Epidermal growth factor receptor 2 

HSA Highest single agent 

HSP70 Heat shock protein 70 

HSP90 Heat shock protein 90 

MDM2 Mouse doubleminute 2  

MDM4 Mouse double-minute 4 

MDMX See MDM4 

mIBG Iobenguane 

mTOR Mammalian target of rapamycin 

MYCN V-myc myelocytomatosis viral oncogene homolog, 

neuroblastoma derived 

NETs Neuroendocrine tumors 

NOXA Phorbol-12-myristate-13-acetate-induced protein 1 

p21 Cyclin-dependent kinase inhibitor 1 

p53 Tumor protein 53 

PEG Polyethylene glycol 

PUMA p53-upregulated mediator of apoptosis 

Reff Peptide-to-lipid ratio 



SSTR Somatostatin receptor 

Trk Tropomyosin receptor kinase 

TRT Targeted radionuclide therapy 

wt Wildtype 

ZIP Zero interaction potential 

γH2AX H2AX phosphorylated at Ser139 
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Introduction 

Cancer 

The term cancer encompasses hundreds of diseases, causing over 9 million 

deaths each year (1). All cancers share a common denominator, i.e., chronic 

cell proliferation, but they are grouped by the affected organ and the cell type 

from which they originate. There can be large biological differences between 

different tumor types and even between tumors in the same subgroup (2). In 

an effort to reduce the complexity of this malignancy, Hanahan and Weinberg 

stipulated six common hallmarks for all cancers, which enable tumors to form 

malignant lesions: self-sufficiency in growth signals, insensitivity to anti-

growth signals, tissue invasion and metastasis, limitless replicative potential, 

sustained angiogenesis, and evading apoptosis (3). This work was later 

updated with two emerging hallmarks, deregulating cellular energetics and 

avoiding immune destruction, as well as two characteristics: genomic 

instability and inflammation (2).  

Precision medicine in cancer 

Significant technological improvements over the last few decades have been 

crucial to deepen the understanding of the biology of cancer, e.g., genomics, 

transcriptomics and proteomics. The vast amount of data from these large-

scale analyses has helped map the network of pathways involved in 

tumorigenesis (4).  

With this increased knowledge, new therapeutic concepts have emerged. 

One such concept is precision medicine, where the treatment is tailored for 

each patient based on their genetic, molecular, and environmental background 

(5). This makes it possible to target specific pathways present in individual 

tumors, in a highly specific manner (2). By doing so, the ultimate goal is to 

provide the optimal treatment to meet each patient’s needs. 

Neuroendocrine tumors (NETs) – focus of papers I and II 

NETs are tumors originating in the endocrine system, characterized by a slow 

growth rate and secretion of signaling molecules, e.g., insulin (6). Common 

sites of primary disease are the gastrointestinal tract and lungs, although they 

can be found throughout the body. NETs are often asymptomatic early in the 
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disease, which makes them difficult to diagnose. As a result, about 12–22% 

are metastatic at diagnosis (7). 

For patients without metastasis, surgery is the main treatment option and 

can be used with curative intent (8). It can also be palliative, e.g., to relieve 

tumor-associated symptoms from the carcinoid syndrome, which occurs from 

increased hormone production of the tumor. Furthermore, targeted 

radionuclide therapy (TRT) with 177Lu-dodecane tetraacetic acid (DOTA)-

Tyr3-octreotate (DOTATATE) is approved for treatment of metastatic, 

inoperable gastroenteropancreatic NETs (9). This is discussed in further detail 

below. Systemic therapies with chemotherapeutics, somatostatin analogs, 

mammalian target of rapamycin (mTOR) inhibitors, and inhibitors of 

angiogenesis are also applied (6). Heat shock protein 90 (HSP90) has been 

suggested as a therapeutic target for NETs, after several promising preclinical 

studies (10-14). 

Neuroblastoma – focus of paper III 

Neuroblastomas originate from the sympathetic nervous system and comprise 

6–10% of all childhood cancers (15, 16). However, they account for nearly 

15% of all pediatric cancer deaths (17). About 50% of the neuroblastomas 

arise in the adrenal gland, while the rest are found alongside the spinal cord 

(15). The disease prognosis ranges from complete regression, even without 

treatment, to metastatic disease, resistance to therapy, and death (16). Worse 

prognosis is seen in tumors with loss of chromosome 1p or 11q, gain of 

chromosome 17q, and amplification of the V-myc myelocytomatosis viral 

oncogene homolog, neuroblastoma derived (MYCN) protooncogene (15). 

Surgery and chemotherapy are the main treatment options for low- to 

intermediate risk tumors in need of therapy. For high-risk tumors, these are 

often complemented with external beam radiotherapy (EBRT) or TRT with 
131I-iobenguane (mIBG) as well as additional targeted therapies, e.g., against 

ganglioside G2 (GD2) (16, 17). 

There is a need to increase the number of available therapies for high-risk 

neuroblastoma. Promising approaches include TRT with 177Lu-DOTATATE, 

targeted therapies against anaplastic lymphoma kinase (ALK), tropomyosin 

receptor kinase (Trk), and MYCN-related targets (16). Furthermore, tumor 

protein p53 (p53)-focused therapies are of interest due to the low rates of p53 

mutations in neuroblastoma (18). 
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Radiation and cancer 

Ionizing radiation and its use in nuclear medicine 

A radioactive emission originates from a nuclear decay of an unstable atom, a 

radionuclide, as a way to release excess energy and reach an energetically 

stable nuclear configuration (19). The amount of excess energy present in an 

unstable atom is defined as its Q-value and differs between radionuclides 

(Table 1). 

Table 1: A selection of radionuclides used for therapy and imaging of cancer (19, 20). 

Nuclide Principal 

radiation 

emitted 

Q-value 

(keV) 

Half-life Applications 

68Ga β+ 2921 1.2 hours Imaging (PET) 

90Y β- 2280 2.7 days Therapy, Imaging (SPECT) 

131I β- 971 8.0 days Therapy, Imaging (SPECT) 

177Lu β- 498 6.6 days Therapy, imaging (SPECT) 

223Ra α 5979 11.4 days Therapy 

225Ac α 5935 10.0 days Therapy 

When radiation is emitted from a nuclear decay, it can interact with matter. If 

the emission carries enough energy to remove an electron from a molecule it 

interacts with, it is termed ionizing radiation. There are three main types of 

ionizing radiation: alpha (α), beta (β), and gamma (γ) radiation. The two 

former types are particle radiation, where an α particle consists of a helium 

nucleus, and a β particle can either be an electron (β-), or its antiparticle, a 

positron (β+). For γ radiation, the excess energy is released as an 

electromagnetic wave (19). 

Nuclear medicine, the study and use of radiation in medicine, involves 

several applications and different types of radiation (Table 1). EBRT primarily 

utilizes γ radiation, although particle radiation, e.g., α radiation and protons, 

can also be applied (21). TRT have historically mainly been used with β-

emitting radionuclides, although recently α emitters such as 223Ra and 225Ac 

have received increased attention (22). Molecular imaging with radionuclides 

entails both single photon emission tomography (SPECT) and positron 

emission tomography (PET). Both SPECT and PET utilize γ emission, 

although the latter detects the characteristic annihilation emission of 511 keV 

when a β+ and a β- particle meet (23). EBRT, TRT, and molecular imaging are 

discussed in more detail below. 

Ionization of organic molecules, caused by direct or indirect interaction 

with the emitted radiation, can result in chemical and biological changes of 
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the molecule. When a cell is irradiated, the most detrimental damage is 

alterations to the DNA structure (24). The damage can vary in severity, with 

DSB being one of the most toxic. If the cell is unable to repair the damage, 

this can ultimately lead to cell death (25) 

Genomic instability is central in tumorigenesis, as mutations may lead to 

altered signaling and an increased proliferation rate. When tumorigenesis 

progresses, pathways involved in sensing DNA damage and initiating repair 

are deregulated in order to avoid cell death (2). This leads to a vulnerability in 

the tumor cell since it does not have the same capability to repair DNA damage 

as a normal cell when being exposed to ionizing radiation (26).  

Cellular response to DSBs 

After a DSB occurs, a complex machinery is initiated (Figure 1). The sensing 

of DSB damage is poorly understood, although certain factors have been 

identified. An important DSB sensor is the Ataxia-Telangiectasia Mutated 

kinase (ATM), which is recruited to the chromatin and undergoes 

autophosphorylation. Phosphorylation of ATM has been proposed to cause the 

shift from an inactive dimer to an active monomer, which subsequently 

phosphorylates hundreds of downstream targets (27, 28). One substrate is the 

histone protein H2A histone family member X (H2AX), a well-known marker 

of DSB, which is involved in chromatin-based DNA damage response (DDR). 

H2AX is named γH2AX when phosphorylated at Ser139 (28). 

DNA-dependent protein kinase, catalytic subunit (DNAPKcs), a kinase 

sharing many common features with ATM, is also recruited to the DSB site. 

Its major function is to initiate the DSB repair pathway, including 

phosphorylation of γH2AX (28). 

A major node of DSB response is p53, a transcription factor often called 

“the guardian of the genome” due to its involvement in DDR (29, 30). The 

levels and therefore activity of p53 are tightly controlled by mouse double 

minute 2 (MDM2, sometimes referred to as HDM2), to which p53 is 

connected through an autoregulatory negative feedback loop (Figure 1) (31). 

In homeostatic conditions, p53 is continually produced and degraded by 

MDM2-mediated ubiquitination (32). ATM-mediated phosphorylation of p53 

and MDM2 leads to lower binding affinity between the two, and p53 

degradation is halted (28). Apart from mediating p53 degradation, MDM2 can 

inhibit the transcriptional activity of p53 (33). Mouse double minute 4 

(MDM4, also called MDMX), a protein structurally similar to MDM2, is also 

able to interrupt p53 transcription. However, it lacks the E3 ligase activity of 

MDM2, which is responsible for the degradation of p53 (33). 

p53 initiates transcription of a vast array of downstream targets involved in 

cell cycle arrest, senescence, and apoptosis (34). A key factor in p53-mediated 

cell cycle arrest is cyclin-dependent kinase inhibitor 1 (p21). It is an inhibitor 

of cyclin-dependent kinases (CDKs), more specifically CDK4,6/cyclin D and 
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CDK2/cyclin E, responsible for progression in G1/S and G2/M, respectively 

(35).  

 

Figure 1: A simplified schematic of signaling pathways involved in the cellular 
response to radiation-induced DSBs. The formation of DSBs activates ATM and 
DNAPKcs. A repair machinery involving DNAPKcs and γH2AX is initiated, 
resulting in resumed proliferation (if repair is complete) or apoptosis (if repair is 
incomplete). ATM activates p53 with subsequent initiation of apoptosis or cell cycle 
arrest pathways. 

p53 activation can also lead to initiation of the intrinsic apoptotic pathway 

(32). Upregulation of p53-upregulated mediator of apoptosis (PUMA) and 

Phorbol-12-myristate-13-acetate-induced (NOXA) inhibits the activity of the 

anti-apoptotic B-cell lymphoma (Bcl-2) protein. Furthermore, p53 upregulates 

pro-apoptotic Bcl-2-associated X (Bax) and Bcl-2 homologous antagonist 

killer (Bak). This ultimately leads to a disruption of the mitochondrial 

membrane and cell death (36). 

There are three major models proposed to explain the choice of response 

pathway following p53 activation: the levels of p53, the spectrum of p53-

response genes, and the availability of p53 co-factors (37). This is, however, 

not fully understood. 
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Targeting concepts 

Precision medicine aims to pair the optimal treatment with each patient (5). 

This includes identification and development of therapies that target specific 

structures or pathways present on the patient’s tumor. The targets can be extra- 

or intracellular, aiming to disrupt a pathway essential for tumor growth or 

deliver a payload, e.g., a toxin or radionuclide (38). 

Targeted radionuclide therapy 

Approximately 50% of all cancer patients are eligible for radiotherapy (39). 

The most common form of radiotherapy is EBRT (40). Although a powerful 

tool, EBRT sometimes lacks the ability to treat distant metastasis and 

disseminated disease (41).  

TRT, which is systemically delivered, can in contrast to EBRT target 

lesions throughout the entire body (Figure 2). The radionuclide itself can be 

targeted toward certain structures, or attached to a molecule that binds to 

tumor cells (42). By varying the targeting molecule, the formulation can be 

optimized to suit the intended tumor type. The choice of radionuclide provides 

additional opportunities to optimize the molecule, e.g., by the type of radiation 

and the penetration depth of the emitted radiation (22).  

Targeted therapy with radionuclides is not a new strategy. The use of 131I 

for the treatment of thyroid disease began in the 1940s (42). It took 

approximately 60 years for the next TRT to enter the clinic, when 90Y-labeled 

anti-CD20 antibody Zevalin was approved in 2002 (42). In the recent years, 

several other TRT compounds have reached the clinic, and many more are 

under development (Table 2) (22). 

Table 2: A selection of TRT compounds approved for therapy and in clinical trials. 

Name Compound Indication Target Status 

Theracap 131I Thyroid disease NaI symporters Approved 

Xofigo 223RaCl Bone metastasis Bone mineralization Approved 

Lutathera 177Lu-DOTATATE Neuroendocrine  

tumors 

Somatostatin receptor Approved 

Azedra 131I-mIBG Paragangliomas,  

pheochromocytomas 

Adrenergic receptor Approved 

Zevalin 90Y-ibritumomab Non-Hodgkin’s  

lymphoma 

CD20 Approved 

- 177Lu-PSMA-617 Prostate cancer, tumor 

neovasculature 

PSMA Phase 3 

Iomab-B 131I-BC8 Bone marrow 

transplantation 

preparation 

CD45 Phase 3 
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Figure 2: Radiotherapy techniques. EBRT (left) is conducted by aiming an external 
beam toward the tumor. Organs in front and behind the target are exposed to radiation. 
TRT (right) is conducted by injection of a cancer-targeting radiopharmaceutical, 
leading to clearance from non-expressing tissues and accumulation in target 
expressing tissues. 

Radiopharmaceuticals can be used for both radiotherapy and imaging, e.g., 

with PET or SPECT. As a result, a single compound can be used for diagnosis, 

therapy and evaluation of therapeutic response (Figure 3). Certain 

radionuclides are suitable for both applications, while others are utilized for 

only one. In these cases, a pair of chemically similar radionuclides can be 

attached to the same molecule. The functional information obtained from 

these imaging techniques, e.g., receptor expression in tumor lesions, is often 

combined with anatomical imaging, such as computed tomography (CT) or 

magnetic resonance imaging (MRI) to correlate the tracer uptake with the 

anatomical position (23). This concept of combined diagnostics and therapy 

is often referred to as theranostics or theragnostics (43). 

Molecular imaging can be used to study the in vivo distribution and 

clearance of a radiopharmaceutical. Therefore, it is possible to predict and 

assess potential adverse effects from the treatments, i.e., radiation exposure to 

healthy organs. As the radiopharmaceuticals are present in the blood during 

the therapy, bone-marrow is often the main dose-limiting organ. Furthermore, 

organs in clearance pathways, e.g., kidneys, may also receive high doses of 

radiation during treatment (22). 
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Figure 3: Theranostics with DOTATATE. 68Ga-DOTATATE PET/CT in a patient 
with a NET in the small intestine, from a study performed by Rodrigues et. al. (44). 
The patient has (A) bone, lymph node and liver metastasis at baseline, (B) stable 
disease after one cycle of 177Lu-DOTATATE therapy, and (C) progressive disease 
after the second round of 177Lu-DOTATATE therapy. Besides the specific uptake in 
the tumor lesions, unspecific uptake in the liver, kidneys, spleen, and bladder are also 
present.  

The somatostatin receptors and 177Lu-DOTATATE 

The somatostatin receptors (SSTRs) and their natural ligand somatostatin are 

expressed throughout the central nervous system and peripheral tissues. They 

regulate the secretion and inhibition of various hormones and enzymes, which, 

in turn, affects gastric emptying, smooth muscle contraction, and intestinal 

blood flow. There are five different SSTRs (SSTR1-5), which are part of the 

G protein-coupled receptor family (45). SSTR overexpression can be found in 

several types of tumors, including neuroendocrine tumors (NETs), 

neuroblastomas and medullary thyroid carcinomas (46).  

Radiolabeled SSTR-binding peptides for TRT have been developed over 

the last 25–30 years (47), leading to the approval of 177Lu-DOTATATE 

(Lutathera®) for therapy of well-differentiated gastroenteropancreatic NETs 

in 2018 (9). Targeting SSTRs for therapy of other types of tumors, including 

neuroblastoma, is currently being explored for diagnostic and therapeutic 

purposes (48-54). 
177Lu-DOTATATE has greatly impacted the lives of patients with NET, 

with improved response rates and quality of life (55, 56). Complete remission, 

however, is rate (55, 57-59). Therefore, strategies to improve the therapeutic 

response are explored. This includes the use of hepatic arterial infusion, 

enhancing peptide affinity, and using alternative radionuclides (60-63). 

A B C
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HSP90 

HSP90 is a molecular chaperone, and regulates folding, activation, and 

degradation of its over 200 client proteins (64, 65). The human HSP90 exists 

as four isoforms: HSP90α, HSP90β, the 94 kDa Glucose-regulated protein 

(GRP94), and the HSP75/tumor necrosis factor receptor associated protein 1 

(TRAP-1) (66). The protein is highly conserved throughout evolution and 

comprises 1–2% of a cell’s total protein content, although levels can reach 4–

6% when the cell is exposed to stressful conditions (65).  

HSP90 functions as a homodimer and has three main regions: the N-

terminal domain, responsible for ATP-binding; the middle region, which 

interacts with the client protein; and the C-terminal homodimerization domain 

(64). The HSP90 machinery (Figure 4) involves several co-chaperones, whose 

functions include inhibition or activation of HSP90 ATPase activity, client 

loading, and formation of mature HSP90 complexes (65). Binding of ATP 

causes the HSP90 protein to adopt its active, closed formation, leading to 

client protein folding and/or additional interactions between the client protein 

and its ligands. The cycle is completed with ADP hydrolysis, which facilitates 

client protein ubiquitination, and release, causing the HSP90 to transition into 

its inactive state (64, 66). 

 

Figure 4: HSP90 function. The (A) inactive, open HSP90 binds to (B) client proteins 
and co-chaperones. (C) Binding of ATP leads to a closed, active complex. At this 
point, the client protein can be folded to the correct conformation, activated and is 
able to interact with ligands. Hydrolysis of ATP facilitates (D) client protein release, 
which can be degraded via the proteasome. APD release causes the HSP90 complex 
to open and return to the inactive, open conformation. 

ADP

Client

ATPATPADP

Client
co-chap.
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Due to the large number of oncogenic client proteins, HSP90 has been 

implicated as a central player in tumorigenesis and the maintenance of a 

malignant phenotype (64, 67, 68). Despite its essential function in normal 

cells, it has proven to be a promising target in cancer (67). The therapeutic 

window of HSP90 inhibitors has been suggested to arise from the fact that 

many oncogenic proteins are highly dependent on HSP90 to function properly 

(66). 

Eighteen HSP90 inhibitors, all targeting the N-terminal ATP-binding 

domain, have entered clinical trials, of which Ganetespib and Tanespimycin 

have entered phase 3 trials (69, 70). Tanespimycin has been studied together 

with bortezomib in multiple myeloma, although no results have been 

published so far. A phase 3 trial with Ganetespib in patients with advanced 

lung adenocarcinoma was terminated at the interim analysis, displaying no 

improved effects from Ganetespib together with docetaxel compared to 

docetaxel alone (71). A number of trials are currently ongoing, including 

several novel compounds (Table 3). 

Table 3: A selection of HSP90 inhibitors currently in clinical trials (70). 

Compound Combinations Phase 

TAS-116 AB122 1 

XL888 Pembrolizumab, Vemurafenib, Cobimetinib 1 

Zelavespib (PU-H71)  1 

Gamitrinib   1 

MPT0B640  1 

TQB3474  1 

PEN-866  1-2 

Onalespib (AT13387) AT7519, Paclitaxel, Olaparib, radiotherapy, cisplatin 1-2 

Ganetespib (STA-9090) Carboplatin, Niraparib 21 

Tanespimycin (KOS-953,  

17-AAG) 

Bortezomib 32 

1Phase 3 trial was terminated. 2Two phase 3 trials completed; no results reported. 

Although HSP90 inhibitors exhibit encouraging anti-tumor effects, none have 

been approved. This has been attributed to unfavorable pharmacokinetics and 

dose-limiting toxicities, such as hepatic and cardiac events (69). Moreover, 

one distinct adverse event is visual-related disorders, which in some studies 

have been reported to affect up to 80% of the patients (72). 

The toxicities connected to HSP90 inhibition have been linked to the pan-

inhibition of all members of the HSP90 family. Therefore, an inhibitor 

selectively targeting the cytosolic isoforms of HSP90 (HSP90α and HSP90β), 

named TAS-116, was recently developed (73). It was reported to have an 

improved toxicity profile compared to traditional HSP90 inhibitors (74, 75). 

The HSP90 inhibitor chosen for the present work was Onalespib. It is a so-

called second-generation HSP90 inhibitor, with a structure based on the 
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antifungal molecule radiciol (69). A total of 13 clinical trials, mainly phase 1, 

have been conducted with Onalespib, alone or as part of a combination 

modality (Table 3). Several of them are still ongoing. Onalespib has, either as 

a single agent or part of a combination therapy, exhibited a manageable 

toxicity profile, although with modest anti-tumor effects (76-80). Onalespib is 

currently being assessed in combination with radiotherapy and cisplatin as 

treatment of head and neck carcinoma in a phase 1 clinical study (70).  

The MDM2/MDM4-p53 interaction 

In approximately 50% of all cancers, the p53 protein is abrogated by mutations 

(32). Furthermore, p53 degradation via MDM2/MDM4 overexpression or 

viral factors also suppresses p53 function (32, 81). The high prevalence of p53 

defects underlines the importance of the p53 pathway in tumor suppression 

and its potential for cancer therapy. p53 stabilization through inhibition of the 

MDM2-p53 interaction is currently being explored, and several MDM2 

inhibitors have reached clinical trials (Table 4) (82). 

Early phase trials indicate some therapeutic effects, although several 

compounds are reported to have dose-limiting toxicities. Common side effects 

include gastrointestinal events and myelosuppression, which are attributed to 

be on-target effects (82). 

Table 4: A selection of p53-MDM2 and p53-MDM2/MDM4 inhibitors currently in 
clinical trials (70, 82). 

Compound Combinations Phase 

RO5503781 

(RG7388, 

Idasanutlin) 

Pegasys, Cytarabine, Daunorubicine, Venetoclax, 

Cyclophosphamide, Topotecan, Fludarabine, Ixazomin, 

Dexamethasone, Cobimetinib, Obinutuzumab, Rituximab, 

Atezolizumab 

1-31 

RAIN-32 

(Milademetan, DS-

3032b) 

Itraconazole, Posaconazole,5-azacytidine (AZA), 

Cytarabine, Quizartinib 

1-3 

AMG-232 (KRT-232 Trametinib, Decitabine, Cytarabine, Idarubicin, 

Radiotherapy, Dabrabenib, Cafilzomib, Lenalidomide, 

Dexamethasone, TL-895, Dasatinib, Nilotinib, 

Acalabrutinib, Ruxolitinib,  

1-3 

ALRN-6924 Cytarabine, Paclitaxel, Carboplatin, Pemetrexed, Topotecan 1-2 

APG-115 APG-2575, Toripalimab, 5-Azacytidine (AZA), 

Pembrolizumab 

1-2 

HDM201 

(Siremadlin) 

Midostaurin, Trametinib, LEE011, MBG453, Venetoclax, 

Cytarabine, Posaconazole, Midazolam, LXS196, Ribociclib, 

Ruxolitinib, PDR001 

1-2 

BI 907828 Immune checkpoint inhibitors (BI754091, BI 754111) 1 
1Phase 3 trial was terminated. 
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Although some studies are positive with regard to the clinical efficacy of 

MDM2 inhibition, it has been proposed that these compounds should be 

combined with other therapies to obtain a greater effect. Several different 

combination modalities are currently being explored (Table 4), including 

addition of chemotherapeutics as well as targeted therapies against Bcl-2, 

CD20, and the PI3K pathway (82). 

Furthermore, as some of the resistance against MDM2 inhibitors is 

attributed to MDM4 activity (83, 84), dual inhibitors against MDM2 and 

MDM4 are being explored. One such compound is VIP116, which was used 

in the present work. Both VIP116 and its predecessor PM2 are synthetic 

peptides with a high affinity to MDM2 and MDM4 (85-88). A hydrocarbon 

stapling process provides the compounds with a favorable in vivo stability 

(89). 

Stapled peptides are a relatively new concept in the clinic, but a phase 1 

dose-escalation trial with the MDM2/MDM4-inhibiting stapled peptide 

ALRN-6924 was recently completed (90). The overall toxicity profile was 

promising where, in contrast to small-molecule MDM2 inhibitors, there were 

limited myelosuppressive toxicities. Additional phase 1 studies with ALRN-

6924 as treatment for solid tumors (in combination with paclitaxel) or 

pediatric cancer (alone or in combination with cytarabine) are currently in the 

recruiting phase (70).  

Lipid-based drug delivery systems 

Drug delivery systems aim to protect and selectively deliver compounds 

whose efficacy may be hindered by low solubility, unfavorable 

pharmacokinetics, or dose-limiting toxicities. One example is lipid-based 

nanoparticles, which are used for delivery of chemotherapeutics, anti-fungal 

drugs, and oligonucleotide-based therapies and vaccines (91). 

Lipid nanoparticles can be directed toward tumors by both passive and 

active targeting. Passive targeting includes the enhanced permeability and 

retention (EPR)-effect, where molecules that are large enough to avoid renal 

clearance (> 6–8 nm) tend to accumulate in tumor tissue due to disordered and 

leaky vessels (92). Moreover, the distribution and clearance of lipid 

nanoparticles can be optimized by the choice of lipid components and addition 

of polyethylene glycol (PEG), which increase the biocompatibility and 

prolong the elimination half-life of the structure (91). 

Moreover, the use of targeting ligands on the lipid particle surface can 

actively direct drug delivery to target cells. So far, targeting agents directed 

toward the transferrin receptor and epidermal growth factor receptor 2 (HER2) 

have been explored for anti-cancer purposes in a clinical setting (93, 94). 

Liposomes are one, if not the most, well-studied class of drug delivery 

systems. It reached the clinic in the 1990s, with the approval of liposomal 

doxorubicin. The formulation exhibited increased therapeutic effects and 
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decreased toxicity compared to free doxorubicin, which included serious side 

effects such as congestive heart failure (95).  

The main drawbacks of liposomes are limited encapsulation of 

hydrophobic and amphiphilic drugs, and the relatively large size of the 

structure. The latter tends to hinder deep penetration into tumor tissue. 

Furthermore, when liposomes have a diameter greater than approximately 100 

nm, their ability to diffuse rapidly is reduced and EPR-mediated accumulation 

in the tumor may be hampered (91).  

Lipid bilayer disks (lipodisks) 

Lipid bilayer disks (lipodisks) are nanosized bilayer structures, stabilized into 

flat, circular shapes by PEG-linked lipids (96-98). These structures are 

generally smaller than the spherical-shaped liposomes (Figure 5). 

The two main components of lipodisks are phospholipids and PEG-

modified lipids, where the latter are responsible for creating a curvature at, 

and stabilizing, the rim of the disk. By attaching a targeting moiety to the 

PEGylated lipids, the lipodisks can be directed toward tumor cells (99-101).  

Lipodisks exhibit great potential as drug carriers and have been 

preclinically assessed for delivery of anti-cancer and anti-bacterial 

compounds (98-103), focusing on amphiphilic and hydrophobic compounds. 

The benefits of lipodisks over liposomes include a potentially enhanced EPR 

effect due to the non-spherical shape and smaller size of the lipodisks, as well 

as higher maximum drug-to-lipid ratio for drugs bound to, or incorporated in, 

the lipid bilayer (91). 

 

Figure 5: Lipid-based delivery systems. Cross-section of (A) a liposome and (B) a 
lipodisk. Phospholipids are highlighted in grey, PEG in green, hydrophilic regions in 
blue and hydrophobic regions in pink. 
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Radiosensitization strategies 

Radiotherapy is a strong weapon against cancer, but it has limitations. 

Radioresistant subpopulations of tumor cells and normal tissue toxicity limit 

its efficacy (37). Therefore, it is beneficial to develop tools to overcome these 

limitations. The use of radiosensitizing drugs is one approach, where pathways 

involved in the radiation response are altered to enhance the radiation effects 

(104). The two radiosensitization strategies utilized in this thesis were HSP90 

inhibition and p53 stabilization. 

HSP90 inhibition 

HSP90 inhibition affects several proteins involved in the DDR pathway and 

can therefore influence the cellular response to radiation (Figure 6) (14). 

Preclinical research has indeed proved that HSP90 inhibitors act as 

radiosensitizers for EBRT, via various mechanisms (105-112). For example, 

HSP90 client protein protein kinase B (AKT) reduce the effects of 

radiotherapy by increasing DNA-PKcs activity (111, 113).  

Furthermore, both MDM2 and p53 are client proteins of HSP90 (114, 115). 

Interestingly, HSP90 inhibition has been reported to have differing effects on 

p53, depending on the mutational status, with upregulation of wildtype (wt) 

p53 and downregulation of the mutated protein (116). The radiosensitizing 

effects of HSP90 inhibition are indicated to be, at least partly, p53-

independent (108, 109). 

One study has indicated HSP90 inhibition to be a feasible radiosensitizer 

together with 177Lu-DOTATATE (117). This, together with the encouraging 

data from EBRT studies, demonstrates there is great potential for HSP90-

mediated radiosensitization in TRT. 
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Figure 6: Involvement of HSP90 in DDR. HSP90 client proteins are marked in blue.  

p53 stabilization 

The involvement of p53 in the response to radiation is extensive and central, 

as described above. Thus, the use of p53-stabilizing compounds, e.g., MDM2 

inhibitors, as radiosensitizers is a rational approach. Several MDM2 inhibitors 

mediate p53-specific radiosensitization when combined with EBRT (118-

122). Furthermore, the stapled peptide PM2, a predecessor or VIP116, exhibits 

radiosenstizing properties, in combination with both EBRT and TRT (123-

125). 

p53-mediated radiosensitization has been proposed to act through several 

pathways, initiated by an increase in the p53 levels. This leads to a plethora of 

responses including, but not limited to, cell cycle arrest, and upregulation of 

pro-apoptotic and pro-senescence pathways (121, 122, 124). Furthermore, as 

the transcription of a large number of proteins are controlled by p53, the 

radiosensitization mechanisms can rely on additional pathways, e.g., DNA 

repair kinetics (119). 

One study has investigated the effects of the MDM2 inhibitor Nutlin-3 in 

combination with 177Lu-DOTATATE in a panel of neuroblastoma cell lines, 

with promising results (54). However, the radiobiology of p53-mediated 

radiosensitization in TRT remains greatly uncharted.  



 

 26 

Investigation of drug synergy 

When combining radiotherapy with a potentially radiosensitizing drug, it is 

relevant to assess whether a combination is more beneficial than the 

monotherapies. Perhaps perceived as a simple question at a first glance, it has 

proven hard to translate the theory of drug synergy into practice. The 

assessment of drug interactions is based on a definition of additivity, the 

“reference” state where two drugs are neither synergistic nor antagonistic. 

There is no consensus definition of additivity; as a result, several synergy 

models have been developed, all based on different mathematical definitions 

of additivity (126, 127).  

Effect based synergy models 

Effect-based models compare the effect of a combination therapy to those of 

the corresponding monotherapies. These types of models include 

Combination Subthresholding, Highest Single Agent (HSA), Response 

Additivity, and Bliss Independence. The main advantage of using effect-based 

models is the low requirement for input data, as synergy can be assessed in 

situations where only one dose of each drug is assessed (126, 127). The Bliss 

Independence model, which was applied in paper III, defines additivity as  

𝐸𝑑𝑟𝑢𝑔 𝐴 + 𝐸𝑑𝑟𝑢𝑔 𝐵 − 𝐸𝐷𝑟𝑢𝑔 𝐴 ∗ 𝐸𝑑𝑟𝑢𝑔 𝐵

𝐸𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛
= 1 ( 1 ) 

where E is the effect of the respective treatment. The Bliss model assumes that 

drugs act independently, which can pose a problem when investigating drugs 

with unknown mechanisms of action. Furthermore, several effect-based 

models are unable to take the curvilinear shape of dose-response curves, as is 

the case for most drugs, into account. This affects the quality of the 

calculations  (126, 127). 

Dose-effect based synergy models 

Dose-effect-based models rely on the dose-response curves of the 

monotherapies in addition to effects, which is the sole input in effect-based 

models (126, 127). Most dose-effect models are based on Loewe Additivity, 

which is defined as 

𝐶𝐷𝑑𝑟𝑢𝑔 𝐴

𝑀𝐷𝑑𝑟𝑢𝑔 𝐴
+

𝐶𝐷𝑑𝑟𝑢𝑔 𝐵

𝑀𝐷𝑑𝑟𝑢𝑔 𝐵
= 1 ( 2 ) 
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where CD is the dose of each drug, which in combination gives a specific 

effect. MD is the dose required for each drug as a monotherapy to achieve the 

same effect. The most well-known synergy model based on Loewe Additivity 

is the Median Effect/Chou-Talalay model (128, 129). This model was used for 

synergy calculations in paper I. 

The limitations of the dose-effect based models include the necessity for 

additional input data, as these models require accurate dose-response curves 

for each compound. Furthermore, most models assume, or perform best with, 

a constant potency-ratio between drugs, i.e., parallel dose-response curves 

(126, 127). 

As a mean to address the difficulties with differing potency-ratios of dose-

response curves, the Zero Interaction Potential (ZIP) model was introduced in 

2015 (130). Here, the differences in potency between mono- and combination 

therapies are taken into account, and the model is proposed to combine the 

qualities of Bliss- and Loewe-based synergy models. This was, in addition to 

Bliss Independence, applied in paper III. 

Preclinical models for the study of cancer used in the 

present work 

In vitro models 

Ever since the establishment of the first human cancer cell line, known as 

HeLa, in 1951, in vitro culture of cancer cells has been essential for drug 

discovery (131). This technique comes with the advantages of low costs and 

high through-put (132). There are numerous commercial cell lines available 

for most, if not all, types of tumors (133).  

The approval rate for anticancer drugs after entering phase 1 trials is 

reported to be only 5–7.5%. This is partly attributed to the use of monolayer 

tumor cell cultures (132, 134). Therefore, culturing the cancer cells in 3D as 

multicellular tumor spheroids has emerged. In contrast to monolayer cultures, 

spheroids have oxygen and nutrient gradients, and can be co-cultured with 

non-tumor cells in extra-cellular matrix (ECM)-like structures (132). 

Spheroids consisting of several cell types and grown in a matrix are sometimes 

referred to as organoids (135). There are numerous techniques to obtain a 

spheroid, spanning from the use of ultra-low attachment plates to 3D-printing 

of cells (132, 134, 136).  

Spheroids are particularly suitable for the study of radionuclide therapy, as 

the radiation energy is deposited in all directions from the decay. Moreover, 

the presence of an oxygen gradient is important, as hypoxic cells are less 

susceptible to γ and β radiation (137). 

Although the use of spheroids is considered as more in vivo-like than 

monolayer cultures, there are limitations with this model as well. Spheroid 
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cultures generally require more time, work, and resources compared to 

monolayer cultures. Furthermore, analytical methods such as colorimetric or 

fluorescent-based measurements may be difficult due to decreased penetration 

of the reagents into the spheroid (132).  

Both monolayer and spheroid cultures are included in the present work. 

The techniques were applied in a complementary manner, where monolayer 

cells were used for short-term assays, mainly for characterizations of cell 

lines. Spheroids were then used for therapeutic experiments, looking at 

growth-inhibitory effects from treatment over a longer time period. 

Additionally, a majority of the molecular analysis, e.g., western blot and flow 

cytometry, were done on cells grown as spheroids. 

In vivo models 

When the in vitro part of a study presents with a promising drug candidate, it 

can be further evaluated in vivo. This can provide information on drug 

distribution and clearance as well as potential toxicities. In cancer research, 

mice are the most common animal model, having a high genetic similarity to 

humans while being cost effective. However, the use of animal models comes 

with several ethical and biological considerations of their suitability as models 

for human cancer. Despite these issues, it is considered to be the best approach 

to evaluate novel drug candidates at the moment. There are several techniques 

to establish a cancer mouse model, e.g., injection of human (xenograft) or 

murine (allograft) cancer cells, treatment with carcinogens, and genetic 

modifications (138, 139). 

In the current study, immune-deficient mice with human xenografts were 

used. This model is established relatively fast, with tumor engraftment within 

7–30 days after injection. As the tumors are of human origin, the drug targets 

are genetically correct. This model, however, does not capture the true course 

of tumorigenesis, as the xenograft tumors grow much faster than normal. They 

are also not situated in a clinically relevant location for the studied tumor 

types, as cells are injected subcutaneously on the hind leg flank. Moreover, 

immunodeficient mice cannot be used to fully study the immune system’s 

involvement in therapy response.  
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Aim of the thesis 

This thesis aimed to assess potential radiosensitizing strategies for 177Lu-

DOTATATE treatment in cancer, focusing on HSP90 inhibition and p53 

stabilization. 
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Results and discussion 

Papers I and II: HSP90-mediated radiosensitization of 
177Lu-DOTATATE therapy in NETs 
177Lu-DOTATATE is approved for therapy of gastroenteropancreatic NETs, 

with impressive response rates (9, 55). Complete response, however, is seldom 

achieved (55, 57-59). In papers I and II, we aimed to address this by 

investigating the HSP90 inhibitor Onalespib, described in more detail above, 

as a treatment option for NETs and as a potentiator of 177Lu-DOTATATE. 

HSP90 inhibition has previously been proven to have radiosensitizing 

properties, and it is a promising therapeutic target for neuroendocrine cancer 

(10-14).  

In paper I, the combination therapy was assessed in vitro. We characterized 

a set of NET cell lines for 177Lu-DOTATATE uptake and sensitivity towards 

Onalespib in monolayer cultures. The cells were then cultured as multicellular 

tumor spheroids, and growth inhibitory effects from mono- and combination 

therapies were assessed. 

Onalespib had growth inhibitory effects, leading to a halted spheroid 

growth in all studied cell lines. 177Lu-DOTATATE was able to reduce 

spheroid growth in SSTR positive cell lines BON and NCI-H727, while SSTR 

negative NCI-H460 was unaffected. The combination therapy followed the 

same pattern (Figure 7). Onalespib potentiated 177Lu-DOTATATE in BON 

and NCI-H727 (Figure 7A-F), while the effect combination therapy did not 

differ from those of Onalespib monotherapy in NCI-H460 (Figure 7G-I). 

The various combinations tested in the two SSTR positive cell lines were 

assessed for synergy. Using the Median Effect synergy model, the 

combination was concluded to be synergistic in BON and NCI-H727 on day 

20. On day 14, however, lower doses of Onalespib and 177Lu-DOTATATE 

were not synergistic in NCI-H727.  

Western blot and flow cytometry analyses focused on HSP90 client protein 

signaling and induction of apoptosis (Figure 8). Onalespib and combination 

treatment resulted in downregulation of EGFR and subsequent repression of 

the PI3K/AKT and mTOR pathways. Furthermore, upregulation of Caspase 

3/7 implied increased apoptosis in treated spheroids, with the strongest 

response in the combination group. 
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The results from paper I support the rationale for utilizing HSP90 

inhibition, both as a monotherapy for NETs and as a radiosensitizer of 177Lu-

DOTATATE. Our work highlighted some key features that indicate HSP90 

inhibition to affect DDR, i.e., through EGFR suppression. 

 

Figure 7: Therapy of Onalespib (▲), 177Lu-DOTATATE (▼) and the combination of 
the two (   ) in SSTR positive (A-C) BON, (D-F) NCI-H727 and SSTR negative (G-I) 
NCI-H460 spheroids. Graphs display mean ± SD, N ≥ 4. Representative spheroid 
images are from the first and last time point, scale bar = 500 μm. *P ≤ 0.05, ****P ≤ 
0.0001, n.s., not significant.  
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Figure 8: Western blot and flow cytometry analysis 24 hours after final treatment. 
(A) Representative western blot images of EGFR, HSP90, γH2AX, H2AX, IGFR, 
mTOR, ERK, AKT, PTEN, and loading controls (β-actin and ATPase). (B-D, F-J) 
Western blot quantifications, normalized to untreated control (mean ± SD). γH2AX 
was normalized to unphosphorylated H2AX. (E) Flow cytometry of caspase 3/7. *P 
≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, n.s, not significant. 

In paper II, we expanded the investigations with an in vivo xenograft mouse 

model, assessing the efficacy of the treatments as well as molecular analysis 

of therapeutic response and toxicity. The in vivo xenograft study correlated 

well with results from the in vitro assays in paper I. Onalespib and 177Lu-

DOTATATE demonstrated growth inhibitory effects as monotherapies, 

whereas the combination proved to be more potent (Figure 9A). The complete 

remission rates were 29% in the combination group, compared to 0% and 8% 

in Onalespib and 177Lu-DOTATATE group, respectively (Figure 9B). The 

complete remissions were confirmed with SPECT/CT (Figure 10) and 

dissection. 

 

Figure 9: In vivo xenograft study. (A) Tumor growth over time (mean + SEM. N ≥ 
7). Data were fitted to an exponential growth curve (dashed line). (B) Survival 
proportions of mice (N ≥ 7). 



 

 33 

 

Figure 10: SPECT/CT images at endpoint for (A) mouse sacrificed due to size of 
tumor and (B) mouse reaching complete remission. 

The renal toxicity profile, assessed in paper II, was surprisingly favorable for 

the combination group (Figure 11). 177Lu-DOTATATE induced damage in the 

form of glomerular contraction, but this was not present in the combination 

group (Figure 11A-B). Thus, while having radiosensitizing properties in the 

tumor, it seemed that Onalespib had a radioprotective effect in the kidneys. 

We hypothesized that this may be due to induction of heat shock protein 70 

(HSP70), which is part of the endogenous stress response to renal injury (140-

142). Indeed, the expression of HSP70 was upregulated in the kidney of 

Onalespib and combination treated mice (Figure 11C-D). 

The toxicity profile was encouraging, as one major issue of combination 

therapies is overlapping side effects. If Onalespib indeed can protect from 

radiation-induced renal toxicity, it may be possible to increase the dose of 
177Lu-DOTATATE without risking additional damage to the kidneys. Further 

investigations are warranted to characterize the potential radioprotective 

effect of Onalespib, which should focus on functional studies on the kidneys. 

In conclusion, in papers I and II, we were able to demonstrate the feasibility 

of using Onalespib as a potentiator of 177Lu-DOTATATE therapy, resulting in 

synergistic effects and with a favorable toxicity profile. 
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Figure 11: Ex vivo immunohistochemical and histological analysis. (A) 
Quantification of glomerular damage (mean + SD. N = 3). (B) Representative images 
of normal (top image, black arrow) and damaged (bottom image, red arrows) 
glomeruli. Bar = 100 μm. (C) Quantification of staining extent of HSP70 positive 
glomeruli (mean + SD. N = 3). (D) Quantification of staining extent of HSP70 positive 
tubules (mean, SD. N = 3). n.s = not significant, ** p < 0.01, **** p < 0.0001. 

Paper III: p53-mediated radiosensitization of 177Lu-

DOTATATE in neuroblastoma 

In paper III, we wanted to potentiate 177Lu-DOTATATE in neuroblastoma, a 

disease group which frequently presents with SSTR2 upregulation (143-149). 

As a potential radiosensitizer, we chose the novel MDM2/MDM4 inhibitor 

VIP116, described in more detail above. Neuroblastomas are rarely mutated 

in the p53 gene, which makes them suitable for therapy with MDM2 inhibitors 

(150-157). Furthermore, an earlier version of VIP116 has previously been 

assessed as a radiosensitizer of EBRT and TRT, with encouraging results 

(123-125). 

A panel of neuroblastoma cell lines was characterized for 177Lu-

DOTATATE uptake and sensitivity toward VIP116 in monolayer cultures. 

SSTR-positive and wtp53 cell lines IMR-32, LU-NB-1 (NB1), and LU-NB-2 

(NB2) were cultured as multicellular tumor spheroids and treated with 177Lu-

DOTATATE or VIP116. All cell lines responded well to the monotherapies. 
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Furthermore, IMR-32 and NB2 were treated with a combination modality 

(Figure 12), demonstrating synergy in IMR-32 and additivity in NB2 

spheroids. The synergy was calculated with the Bliss and ZIP synergy models 

using 25 dose combinations in each cell line.  

The method for assessing synergy in this paper was different from paper I. 

In paper III, an effort was made to study the synergy over a larger dose area. 

Additionally, the current setup was compatible with the Synergyfinder 

software, enabling semi-automated synergy calculations for a large number of 

combinations using several synergy models. As a conclusion, the synergy 

assessment in this project can be seen as more comprehensive compared to 

that in paper I.  

 

Figure 12: Spheroid combination therapy. (A, D) Representative graphs (mean ± SD, 
n ≥ 4) of spheroids treated with 177Lu-DOTATATE (◾︎ and ▼, unit kBq), VIP116 (◆
, unit μM) and the combination of the two (▲ and ◆). P-value indications next to 
monotherapy legends are in comparison to the corresponding combination group(s). 
(B, E) Representative spheroid images at last time point. Scale bar = 500 μm. (C, F) 
Synergy values for spheroid combinations using Bliss (black) or ZIP (red) synergy 
models. Values below 0 indicate antagonism, 0 indicates additive effect, and above 0 
indicates synergy. Pooled data from two independent experiments (n = 50) are 
presented as mean with box (25th to 75th percentile) and whiskers (min to max). n.s. 
= not significant, * = p < 0.05, ** = p < 0.01 and **** = p < 0.0001. 
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To investigate the radiosensitization mechanism, molecular analysis of the 

p53 pathway was performed (Figure 13). VIP116 and combination therapy 

induced p53 with downstream activation of cell cycle (p21) and apoptosis 

(cleaved caspase 3 and Bax) regulators. Moreover, the activation of p53-

repressor MDM2 differed greatly between IMR-32 and NB2. We speculated 

that this may explain the varying degree of synergy and might be a result of 

differential MYCN expression.  

The results from this study validated the use of p53-stabilizing compounds 

as radiosensitizers of TRT in neuroblastoma. By adding VIP116, the 177Lu-

DOTATATE activity could be reduced by a third, without compromising the 

therapeutic effect. If this can be translated into a clinical setting, it could 

reduce the adverse effects of radiotherapy, which is especially important in 

pediatric patients. Furthermore, kinetics of p53 induction were assessed and 

revealed a possible involvement of MYCN (summarized in Figure 14). As 

MYCN is highly involved in the biology of neuroblastoma, this should be 

further investigated. 

In conclusion, VIP116 potentiated 177Lu-DOTATATE therapy in 

neuroblastoma spheroids and may be a feasible treatment option for this tumor 

type. Additional in vivo assessments are warranted to verify these promising 

results as well as to assess potential toxicity. Our findings also highlighted the 

importance of further exploring the p53-MDM2-MYCN interplay in response 

to radiation in neuroblastoma. 
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Figure 13: Western blot analysis of p53 activation. Expression of MDM2, MYCN, 
p53, p21, Bax, cleaved caspase 3, and E-cadherin in (A) IMR-32 and (B) NB2 6–96 
h after treatment with 177Lu-DOTATATE and/or VIP116. Representative data from 
one experiment. Intensity values, shown below each band, were normalized against 
the loading control (β-actin) and the corresponding untreated control for each time 
point.  
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Figure 14: Suggested mechanism of VIP116-mediated potentiation of 177Lu-
DOTATATE in neuroblastoma. 177Lu-DOTATATE causes DSBs which initiate a 
slight p53-mediated response. VIP116 is able to enhance the p53 response and induce 
transcription of downstream targets, leading to increased apoptosis. MYCN, which 
can be induced or repressed by the therapies via unknown mechanisms, can affect p53 
function negatively via MDM2 transcription or blocking p21-mediated cell cycle 
arrest. 

Paper IV: Targeted delivery of p53-stabilizing peptide 

VIP116 with lipodisks 

In paper IV, we addressed the limited water solubility and lack of tumor-

targeted delivery of VIP116. As this may affect its in vivo efficacy, we aimed 

to improve these issues using lipid bilayer disks (lipodisks) as a drug delivery 

system. We attached the epidermal growth factor (EGF) to the lipodisks, for 

specific delivery. EGF binds to EGFR, a receptor commonly overexpressed in 

cancer (158). Lipodisks have previously been assessed in a preclinical setting 

for delivery of anti-cancer and anti-bacterial compounds (98-103). 

Lipodisks were produced using detergent depletion. The VIP116-loading 

capacity of the lipodisks was characterized by quartz crystal microbalance 

with dissipation monitoring (QCM-D, Figure 15A-B), resulting in a maximum 

peptide-to-lipid ratio (Reff) of 0.11. The binding between the lipodisks and 

VIP116 did not follow a 1:1 interaction model; therefore, we sought to assess 

the affinity toward the different parts of the lipodisk (Figure 15C). We 
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concluded that there were only minor interactions between the peptides and 

the flat part of the lipodisk, as represented by a lipid bilayer membrane. 

 

Figure 15: Interaction between lipodisks of VIP116. (A) Raw QCM-D data 
displaying the normalized frequency (∆F/3, black) and dissipation factor (∆D, red) 
measured at the 3rd overtone. (B) Reff as a function of time calculated from the QCM-
D data (black) and fitted to a 1:1 binding model (red). (C) Binding isotherm of VIP116 
to lipodisks (circles) and to a supported lipid bilayer (squares), (mean ± SD. N = 3). 
Solid lines are a guide to the eye. * p < 0.05, **** p < 0.0001. 

This indicated that the rim of the lipodisk was the major binding site for 

VIP116. Binding may include both binding to the PEG-rich rim and 

subsequent displacement of the peptide into the lipodisk core, which would 

explain the lack of 1:1 binding. If VIP116 is incorporated in the lipodisk core, 

using larger lipodisks may increase the Reff. 

The in vitro cellular binding of 125I-labeled VIP116 loaded onto EGFR-

targeting lipodisks, measured with LigandTracer, was significantly higher 

than that observed when using untargeted lipodisks, proving the specificity of 

the system (Figure 16A). The uptake correlated well with the binding pattern 

of EGF (Figure 16B). Moreover, VIP116-loaded EGFR-targeting lipodisks 

were able to reduce tumor cell viability, while VIP116-loaded untargeted 

lipodisks did not have an effect (Figure 16C). 

The results obtained in paper IV provide a proof-of-concept that lipodisks 

can be used for targeted delivery of VIP116. However, before the system can 

be expanded to in vivo model systems and clinical use, several issues have to 

be addressed. First, the production method for EGF-conjugated lipodisks used 

here was laborious with low EGF-conjugation yields, making upscaling 

difficult and expensive. Second, the EGF-EGFR targeting system may not be 

optimal for delivery of p53-stabilizing compounds, as there are very few 

cancer cell lines with overexpression of EGFR and wtp53. Thus, we created 

an EGFR-overexpressing wtp53 cell line for this study. The lack of co-existing 

EGFR amplification with wtp53 in cell lines is supported by data from the 

cBioPortal database, where only 3% of the 25,965 available samples have a 

high-level amplification of EGFR, together with wtp53 (159, 160). This rate 

is albeit higher for specific types of tumors, such as glioblastoma. Third, it has 

been reported that PEG may have immunogenic properties, which can hinder 

its clinical suitability (161). However, this may not be an issue for smaller 
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PEG-ylated structures like lipodisks, as the PEG-induced immune response 

appears to increase with nanoparticle size (162). 

In conclusion, we proved the feasibility of using targeted lipodisks as a 

delivery system of VIP116. In the future, this system can be expanded to 

include additional drugs and targeting moieties to increase efficacy and areas 

of use. 

 

Figure 16: Real-time binding and viability assays of VIP116-loaded lipodisks on 
EGFR-expressing HCT116 cells. (A) Real-time binding of 125I-VIP116 loaded on 
EGFR-targeted (black) and non-targeting (grey) lipodisks. Binding was studied for 
three consecutive concentrations, followed by a dissociation phase. (B) Real-time 
binding of 125I-EGF. (C) XTT viability assays, demonstrating reduced cell viability in 
cells treated with EGFR-targeted lipodisks carrying VIP116, whereas no effects were 
observed from either non-targeted lipodisks carrying VIP116, or from EGFR-targeted 
lipodisks carrying no VIP116 (mean ± SD. N = 3). Nontarg = non-targeting lipodisks. 
Targ = targeting lipodisks. VIP =VIP116. ** p < 0.01, **** p < 0.0001. 
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Conclusion 

This thesis has addressed potential radiosensitizing strategies, i.e., HSP90 

inhibition and p53 stabilization, for 177Lu-DOTATATE treatment in NETs and 

neuroblastoma, respectively.  

In papers I and II, we concluded that the HSP90 inhibitor Onalespib can 

act as a radiosensitizer in NETs when combined with 177Lu-DOTATATE. The 

combination was synergistic, with a favorable toxicity profile. Inhibition of 

EGFR was suggested as a mediator of the observed synergy. 

In paper III, we used the p53-stabilizing stapled peptide VIP116 to 

potentiate 177Lu-DOTATATE in neuroblastoma. Combination therapy 

exhibited promising effects, with resulting additive or synergistic effects. The 

treatment-mediated effects on p53 signaling were characterized, revealing a 

possible involvement of MYCN. 

In paper IV, we aimed to improve delivery of VIP116. VIP116 was 

successfully loaded onto EGFR-targeting lipodisks, leading to specific 

delivery and reduction of viability of EGFR positive tumor cells. The study 

provided proof-of-concept for utilizing lipodisks as a drug delivery system for 

p53-stabilizing peptides. 

In conclusion, we have investigated, and found, suitable candidates for 

potentiating 177Lu-DOTATATE therapy. We have addressed several 

important questions regarding the feasibility of the treatments, toxicity, and 

targeted delivery. Moreover, the work has explored the biology of 

radionuclide therapy. This is an area in need of further attention, as more and 

more radionuclide therapies are currently entering clinicals trials and reaching 

approval. 
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Future perspectives 

The field of TRT has received increased attention over the last 10 years, with 

several TRT compounds reaching clinical approval. In the near future, the list 

of approved TRTs is expected to be expanded with new compounds, e.g., 
177Lu-PSMA-617 (22). With this renewed attention, there is a need to 

understand the radiobiology of the therapies. Additionally, the use of 

combination strategies should be further investigated, in order to optimize the 

therapeutic effect and reduce toxicity. 

The use of combination approaches for TRT is currently being explored in 

several areas. This thesis focused on radiosensitization by targeting two 

proteins affecting the DDR. However, there are several additional approaches 

including but not limited to, improved distribution and uptake of the TRT 

compound, and combinations with other DNA-damaging agents or 

immunotherapy (163). It is known that radiation may cause a release of 

immune cell-attracting cytokines which can lead to immunogenic cell death, 

making it a highly relevant target for combination therapy with TRT (164).  

This thesis did not address the immunological response to radiation, mainly 

because the in vivo studies were conducted in immune-deficient mice. 

Nevertheless, the work is a basis for further investigations in immune-

competent models, which are currently being conducted by our research 

group. There are several ongoing projects, including potentiation of 177Lu-

DOTATATE in neuroblastoma using immunotherapy. Furthermore, as both 

HSP90 inhibition and p53 stabilization enhances cancer immunotherapy, there 

is also a possibility to explore a triple combination of radiation, a 

radiosensitizer, and immune therapy (165, 166). 

In addition to combination therapy, the use of α-emitting radionuclides is 

currently on the rise. With their short range and capability to induce complex, 

irreparable DSBs, they have exhibited efficacy against widespread disease 

(167). 213Bi- and 225Ac-DOTATATE have been assessed in a clinical setting, 

with positive results (62, 168-170). 

The preclinical results presented here have great potential to be translated 

into clinical use. 177Lu-DOTATATE is already approved for therapy of 

gastroenteropancreatic neuroendocrine cancer, where it has displayed anti-

tumor effects with a manageable toxicity profile. It is currently being explored 

for additional tumor types, including the disease of focus in paper III, 

neuroblastoma (144, 147, 148).  
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Moreover, the use of p53-stabilizing agents for treatment of neuroblastoma 

also displays great potential. The stapled peptide ALRN-6924, the same type 

of molecule as our p53-stabilizing peptide VIP116, is currently undergoing 

phase 1 studies in pediatric tumors with wtp53 (70).  

A total of 18 HSP90 inhibitors have entered clinical trials (69, 70), resulting 

in a broad knowledge base regarding the benefits and challenges of targeting 

HSP90. There are several novel compounds currently in phase 1 studies, 

which hopefully are able to circumvent the adverse effects accompanying 

HSP90 inhibition. Moreover, Onalespib is currently being assessed in 

combination with radiotherapy and cisplatin for treatment of head and neck 

carcinoma in a phase 1 clinical study.  

In the light of these ongoing clinical studies, there is a clear potential for 

the radiosensitizers studied in this thesis. Nevertheless, issues concerning 

toxicity and dosing scheduling must be further addressed before the 

combination therapies with 177Lu-DOTATATE can be used in a broad clinical 

setting. In the future, we hope that our efforts can improve the therapeutic 

outcome, and life, for cancer patients who currently do not have sufficient 

treatment options available.  
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Populärvetenskaplig sammanfattning 

Cancer är en sjukdom som orsakar mer än nio miljoner dödsfall varje år i 

världen. I Sverige får en av tre ett cancerbesked under sitt liv. Alla former av 

cancer har en gemensam nämnare, obehindrad celldelning, men kan ha väldigt 

olika egenskaper. Cancersjukdomar grupperas därför efter var de uppstår och 

vilka typer av celler de härstammar från. 

De vanligaste behandlingarna mot cancer är kirurgi, cellgifter och 

strålbehandling. Ungefär hälften av alla patienter med cancer får 

strålbehandling någon gång under behandlingsprocessen. Det kan antingen 

ges externt, genom att en strålkälla utanför kroppen riktas mot tumörer, eller 

internt, då strålkällan placeras inuti kroppen. Den primära effekten av 

strålbehandling är DNA-skador, vilket kan orsaka celldöd. Både tumörceller 

och friska celler påverkas av strålning, men tumörceller är mer känsliga 

eftersom de inte har samma kapacitet att reparera DNA-skador. 

Konceptet precisionsmedicin har dominerat forskningen kring nya 

cancerläkemedel under de senaste decennierna, där fokus ligger på att 

individanpassa behandling utifrån varje tumörs egenskaper. Det kan till 

exempel vara användning läkemedel som binder till receptorer, proteiner som 

finns på tumörcellens yta, och enbart ge läkemedlet till patienter med tumörer 

som bekräftats ha dessa receptorer. 

En form av precisionsmedicin är målsökande radionuklidterapi, vilket är 

en intern strålbehandling. Läkemedlet består av en cancermålsökande molekyl 

bunden till en radioaktiv atom. Genom att målsöka en cancerspecifik struktur, 

till exempel en receptor, ackumuleras strålningen i tumörer medan friska 

celler skonas. Molekylerna kan inför behandling användas för bilddiagnostik, 

med en PET eller SPECT-kamera, för att se om patientens tumörer producerar 

den målsökta strukturen och därmed kan dra nytta av behandlingen. 

Den här avhandlingen fokuserar på 177Lu-DOTATATE, en typ av 

målsökande radionuklidterapi. Den används i cancerbehandling idag, men 

resulterar sällan i att patienten botas. Målet med avhandlingen var därför att 

förbättra effekten av 177Lu-DOTATATE genom att kombinera den med ett 

strålsensitiverande läkemedel, vilket kan påverka tumörcellernas förmåga att 

skydda sig mot strålbehandling.  

I delarbete I och II använde vi ett läkemedel som hämmar heat shock 

protein 90 (HSP90). HSP90 är ett protein involverat i DNA reparation. Genom 

att blockera HSP90 kunde vi förstärka effekterna av 177Lu-DOTATATE i 
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neuroendokrin cancer, en cancertyp som idag behandlas med 177Lu-

DOTATATE. Behandlingen resulterade i att flera proteiner, involverade i 

celldelning och reparation av DNA-skador, som samarbetar med HSP90 bröts 

ned och tumörerna växte långsammare. Dessutom hade möss som behandlats 

med kombinationsbehandlingen färre biverkningar än de som behandlats med 

enbart 177Lu-DOTATATE. 

I delarbete III studerade vi strålsensitivering av 177Lu-DOTATATE i hög-

risk neuroblastom, en allvarlig form av barncancer. Som strålsensitiverare 

använde vi VIP116, en molekyl som skyddar proteinet p53 från nedbrytning. 

p53 har en central roll i cellens respons mot DNA skador och kallas därför 

”genomets väktare”. Vi fann att kombination av VIP116 och 177Lu-

DOTATATE i många fall hindrade tumörcelltillväxt mer än läkemedlen var 

för sig. Behandlingarna påverkade dessutom MYCN, en markör för dålig 

prognos i neuroblastom. 

VIP116, den p53-stabiliserande molekyl vi undersökte i delarbete III, är 

inte tumör-specifik. Därför utvärderade vi delarbete IV ett lipid-baserat 

läkemedelsleverans-system kallat lipodiskar, för att möjliggöra tumör-

specifik leverans av VIP116. Vi kunde ladda VIP116 på lipodiskarna och rikta 

dem mot tumör-specifika receptorer, vilket resulterade i celldöd i tumörceller 

som producerade receptorn, medan celler utan receptorn skonades. 

Sammanfattningsvis har vi i denna avhandling studerat effekter och 

biverkningar av potentiella radiosensitiverande läkemedel samt möjliggjort 

specifik leverans av dessa. Vår förhoppning är att dessa resultat i framtiden 

kan bidra till att människor med neuroendokrin cancer och neuroblastom, som 

behandlas med 177Lu-DOTATATE, ska svara bättre på behandlingen och 

slippa allvarliga biverkningar. 
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