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Contribution to the publications

In this chapter, I present my contributions to the three publications included in this cumulative

dissertation:

e Publication I: “Personalized drug testing in human pheochromocytoma/paraganglioma
primary cultures” (Original work, shared first author)

e Publication II: “Impact of the PI3Kalpha inhibitor alpelisib on everolimus resistance and
somatostatin receptor expression in an orthotopic pancreatic NEC xenograft mouse
model” (Original work, co-author)

e Publication III (Appendix): “Targeted therapies in Pheochromocytoma and Paragangli-

oma” (Mini-review, first author)

Publication 1:

My contribution to this publication included the planning, execution and analysis of the primary
culture experiments and cell culture experiments in cooperation with the chemical- and medical-
technical assistants in the research group of Prof. N6lting in Munich. The primary and cell culture
experiments consisted of the collection, isolation, cultivation and testing of the primary tumors
with different mono- and combination therapies as well as the cultivation and testing of the cell
cultures. Analysis of the data included the assessment of cell viability using cell viability assays,
the evaluation and interpretation of the data generated, basic statistical calculations, and consul-

tations with our medical statistician.

Another main part of my contribution comprised the drafting of the manuscript and the creation
of the tables and figures. Therefore, I extensively studied the literature in the field of PPGLs.
Additionally, I organized the transport of tumor material to a partner laboratory where somatic
mutation testing was performed, and I distributed the PPGL primary cultures into molecular clus-
ters based on the patient's specific mutations. I also collected the medical histories of the patients

and identified their biochemical phenotypes based on their laboratory results.

The primary culture data from Zurich were generated and integrated into the manuscript by Ina
Schiitze, who worked in the research laboratory of Prof. Nolting in the University Hospital Zurich.
The manuscript data were therefore obtained from both Munich and Zurich and combined for this

publication, justifying the shared authorship of Ina Schiitze and myself.

Publication I1:

My contribution to the second publication of this cumulative dissertation included the cultivation

of the BON1KDMSO and BON1RR2 cells, and the execution of the XF Real-Time ATP Rate
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Assay experiments in cooperation with the chemical- and medical-technical assistants in the re-
search group of Prof. Nolting in Munich. The cultivation of the everolimus-resistant
BON1KDMSO and BON1RR2 cell lines included maintaining and verifying everolimus re-
sistance. The XF Real-Time ATP Rate Assay experiments included the planning and execution
of the experiments, the evaluation and interpretation of the data, as well as literature studies re-
lated to the scientific context of the obtained data. I also aided in the organization of the transport

of frozen cell vials and drugs to our partner laboratory for the performance of animal experiments.

Additionally, I contributed to the revision and editing of the manuscript.

Publication III (Appendix):

My contribution to this mini-review comprised an extensive literature search on the management

and therapy of metastatic PPGLs and the subsequent drafting of the manuscript.

The former included a systematic review of relevant research articles, expert views, and guide-
lines on targeted therapies in PPGLs. In order to provide an overview on existing therapeutic
options for metastatic PPGLs, I also reviewed scientific data on established therapeutics which

are not considered targeted therapy.

The latter comprised the drafting of the manuscript and the creation of the tables and figures,
which included the molecular signaling pathways of PPGLs, practical therapy standards, and on-

going clinical trials investigating targeted therapies in PPGL patients.
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1. Introduction

1.1 Background

Neuroendocrine neoplasms (NENs) are a heterogeneous group of malignancies characterized by
a common origin from cells with neuroendocrine phenotypes (1). They can further be categorized

into epithelial or non-epithelial NENs (2).

Pheochromocytomas (PCCs) and paragangliomas (PGLs), commonly known as PPGLs, are rare
non-epithelial NENs of the adrenal medulla (PCCs) or the sympathetic or parasympathetic extra-
adrenal paraganglia (PGLs) (2).

Epithelial NENs are classified into neuroendocrine tumors (NETs) or neuroendocrine carcinomas
(NECs), depending on their differentiation — NETs are well-differentiated epithelial NENs, NECs
are poorly differentiated epithelial NENs (3). The latest WHO Classification of Neuroendocrine
Neoplasms 2022 further divides NETs into G1, G2 or G3 based on proliferative markers and
NECs into small or large cell subtypes (4).

Both tumor entities (PPGLs and NETs/NECs) are difficult to treat when metastatic, making the

exploration of novel therapies, especially combination therapies, highly necessary.

1.1.1  Pheochromocytomas and paragangliomas

PPGLs are distinguished from other endocrine tumors since they show the highest rate of herita-
bility or genetically known causes. With around 30-35% of PPGL patients showing germline
mutations and another 35-40% showing somatic driver mutations in known susceptibility genes
(5-11), around 70% of all patients can be assigned to one of the three main molecular clusters:
Pseudohypoxia-related cluster 1 (1A or 1B), kinase signaling-related cluster 2 or Wnt signaling-
related cluster 3 (Figure 1) (12, 13). The clusters are associated with distinct biochemical and
clinical phenotypes and influence diagnosis as well as the necessary follow-up of PPGL patients
(13). For instance, mutations in succinate dehydrogenase subunit B (SDHB) are associated with

younger age at diagnosis and a high metastatic risk (5, 13, 14).

All PPGLs have the potential to metastasize. There are still no definitive biomarkers available to
clearly predict metastatic behavior or recurrence. Therefore, the WHO definition of metastatic
disease remains the presence of chromaffin tissue where none would be expected (3). Around 10-
15% of PCCs and around 35-40% of PGLs metastasize (5, 15-18). Metastatic PPGLs show 5- and
10-year mortality rates of 37% and 29%, respectively (19). The diagnosis and therapy of meta-
static PPGL patients remains challenging. Currently, metastatic potential can be assessed using a
multifactorial risk assessment including tumor size > 5 cm, extra-adrenal location, high Ki-67,

certain mutations, and a dopaminergic phenotype (13, 16, 20). Recently, it was also found that
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the incorporation of a dopamine metabolite, plasma methoxytyramine, into machine-learning
models can help to predict metastases in PPGL patients (21). Moreover, SSTR2 expression has
recently been reported to be associated with the metastatic behavior of PPGLs (22).

Regarding treatment, non-metastatic PPGLs are regularly treated by curative surgery, but meta-
static PPGLs remain difficult to treat as the only FDA-approved therapy option (high-specific
activity [*'I]-MIBG therapy) will be withdrawn in 2024. Moreover, while personalized, cluster-
specific management has already entered clinical routine practice (13), therapy remains largely
non-specific, and novel and more effective therapeutic options are needed (12). For instance, mo-
lecular targeted therapy plays an increasingly important role in the treatment of metastatic PPGLs
(12). My mini-review “Targeted therapies in Pheochromocytoma and Paraganglioma” outlines
both existing therapeutic options and the recent development of novel personalized molecular
targeted therapies (12). This review thus provides an overview of the broader scientific context
of metastatic PPGL therapy, which is the focus of my first original article of this cumulative

dissertation.

The establishment of human PPGL cell lines has been proven to be particularly difficult for this
tumor entity over the last few decades of research, and there are still no reliable and readily ac-
cessible cell models available. This is why we established a pipeline for the evaluation of potential
therapies in vitro using patient-derived PPGL human primary cultures (23, 24). By establishing a
total of 33 primary cultures, including 7 metastatic PPGLs, we were able to assess the efficacy of
novel mono- and combination therapies and correlate the drug responsivities of such PPGL pri-
mary cultures with the molecular clusters (n=10 cluster 1-related PPGLs, n=14 cluster 2-related

PPGLs) (23).
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Figure 1: The three main molecular clusters of PPGLs, their associated loss or gain of function mutations, and potential
therapies (red). Cluster 1 mutations affect either cluster 1 A/Krebs cycle or cluster 1B/hypoxia signaling (orange), clus-
ter 2 mutations lead to overactivation of kinase signaling pathways (green) and cluster 3 mutations affect the Wnt
signaling pathway (blue). Additionally, secondary moditfier mutations (47RX, TERT) play roles in cell immortalization
and chromatin remodeling (black). The mentioned mutations can promote tumor proliferation, cell immortalization,

invasive behavior, metastasis, and angiogenesis. Activation (1) and inhibition (L). Created with Biorender.com.

1.1.2  Neuroendocrine tumors

NETs are frequently located in the gastrointestinal tract and pancreas. Interestingly, pancreatic
NETs (panNETs) have shown a significant increase in incidence years in recent years (25-28),

making further studies into these tumors highly relevant.

In about 40—45% of panNET patients, liver metastases can already be found at diagnosis (29).
However, there are no curative systemic therapies and only few established systemic treatments
available for metastatic panNET patients. The latter include the somatostatin analogs octreotide
(30) and lanreotide (31), the mTORCI inhibitor everolimus (32, 33), the tyrosine kinase inhibitor
sunitinib (34), systemic chemotherapy (35) and peptide (somatostatin) receptor-based radionu-

clide therapy (PRRT) (36).

One of these therapies, the mTORCI inhibitor everolimus, usually inhibits tumor growth initially,
but most patients develop drug resistances after less than a year of treatment (37). In order to
study long-term resistance to everolimus, two stable everolimus-resistant human panNET cell
lines, BON1RR1 and BONIRR2, were previously established by Prof. Nolting’s group (38). Re-

sults showed that in vitro long-term resistance to everolimus was mediated by, among others, an
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upregulation of glycogen synthase kinase-3 (GSK3) (38). It was further found that the PI3Ka
inhibitor alpelisib, officially approved for the therapy of breast cancer (39), was able to overcome

everolimus resistance in vitro, led to GSK3 inhibition and increased somatostatin receptor 2

(SSTR2) expression (38, 40).

We have now transferred this previously established everolimus-resistant cell line (BON1RR?2)
and the corresponding control cell line (BON1KDMSO) to an orthotopic pancreatic NEC xeno-
graft mouse model (41). This enabled an evaluation of the mechanisms of everolimus resistance
and an investigation as to whether alpelisib might overcome everolimus resistance in vivo. Addi-
tionally, in order to further characterize the role of GSK3 activation in everolimus resistance and
evaluate potential mitochondrial involvement, we selectively inhibited GSK3 in BON1KDMSO

and BON1RR2 cells and evaluated oxygen consumption rates and extracellular acidification rates.

1.2 Personalized drug testing in human pheochromocytoma/paraganglioma primary

cultures

We established both two- and three-dimensional primary cultures of 33 PPGL patients (25 PCCs,
8 PGLs) by obtaining and isolating PPGL tumor tissue directly following surgery (23). As the
Materials and Methods and Results are described in detail in the publication (23), they will be

briefly summarized here.

The PPGL primary cultures were generated and treated with 18 different drugs alone and in com-
bination for 72h (23). These included drugs most likely targeting cluster 2 (tyrosine kinase inhib-
itors cabozantinib, sunitinib and selpercatinib, PI3Ko inhibitor alpelisib, mTORCI1 inhibitor
everolimus, RAF inhibitor dabrafenib, MEK inhibitor trametinib, GSK3 inhibitor AR-A014418),
drugs probably targeting cluster 1 (PARP inhibitor niraparib, HDACI inhibitor entinostat, chemo-
therapeutics temozolomide, gemcitabine and 5-fluorouracil, somatostatin analog octreotide,
HIF2a inhibitors TC-S 7009 and belzutifan), and certain other drugs (bisphosphonate zoledronic
acid, hormone estradiol) (23). Drug concentrations close to the clinically relevant levels were
chosen for all drugs (23). Furthermore, mouse PCC (MPC) cell lines were also cultivated and
treated with chosen inhibitors for up to 14 days (23). Cell viabilities of primary cultures and mu-
rine cell lines were then assessed as previously described (24). A robust statistical analysis was

undertaken and significance was set at p < 0.05 (23).

Somatic mutation testing was performed using targeted next-generation sequencing (NGS) (23).
Known PPGL susceptibility genes and commonly accepted oncogenes or tumor suppressor genes,
were included in the panels used (10, 23). Germline mutation testing was performed in the re-

spective centers of human genetics when patient consent had been given (23).

We found germline or somatic mutations in 79% (26/33) of tumors, 76% (25/33) of which in
known PPGL susceptibility genes (Figure 2) (23). These included 10 cluster 1 mutations, 14
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cluster 2 mutations, and two secondary modifier mutations (47RX) (23). We additionally found
two potential driver mutations which have not been described in PPGLs before (4TM, MPL) (23).
Two tumors showed double mutations (23). In total, seven tumors showed no identifiable muta-
tions (23). The biochemical phenotypes correlated with the mutations/cluster affiliations, with

only few exceptions (23).

Figure 2: Distribution of driver mutations

MLt in known PPGL susceptibility genes (25/33
O SDHB (4) L
tumors). Cluster 1 mutations in orange,
=1 SDHC (1) o
cluster 2 mutations in green, secondary
1 EPAST (1) , o
modifier mutations in black. Number (7) of
B NF1(7) | 0 cach o i brack
samples with each mutation 1 brackets.
. RET(3) T s les showed doubl i
wo samples showed double mutations.
B VUS RET*(1) . P -
Not :T it tati i
3 BRAF (1) ot shown: Two samples with mutations in
3 HRAS (1) unknown PPGL susceptibility genes (MPL,
1 TMEM127 (1) ATM). *Most likely pathogenic mutation.
B ATRX (2) Data from Wang et al. (23).

We then correlated primary culture drug responsivity with the underlying mutation/cluster affili-
ation and compared drug responsivities of cluster 1-related and cluster 2-related tumors (23). Fur-
thermore, we performed Western blot analysis in n=16 PPGL primary cultures in order to identify

baseline and therapy-induced differences (23).

Cabozantinib/everolimus combination therapy was the most effective combination therapy and
showed overall synergistic effects (Figure 3) (23). We performed a stratification according to the
molecular clusters and malignancy (Figure 4), and found that cabozantinib/everolimus showed
synergistic effects and significantly stronger efficacy in cluster 2-related PPGL (23). Addition-
ally, we cross-validated these results in murine MPC cell spheroids, which were generated and
cultivated as previously described (23, 42, 43). We found significant reductions in spheroid di-
ameter after treatment with cabozantinib/everolimus (23). These results are particularly interest-
ing, since NET patients treated with everolimus usually develop resistance after less than one year
(37), which is possibly also enabled through c-Met activation (38, 44). The combination of c-Met
inhibitor cabozantinib with everolimus might, therefore, be able to overcome everolimus re-

sistance (23).
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Figure 4: Stratification of cabozantinib/everolimus 72h cell viability results depending on molecular clusters and ma-
lignancy. Each patient is represented by a different color. Cabozantinib/everolimus combination therapy led to an ad-
ditive decrease of cell viability in cluster 1-related (n=6) and metastatic tumors (n=5) and a synergistic decrease of cell
viability in cluster 2-related tumors (n=5). Cabozantinib also led to a strong reduction of cell viability particularly in

the SDHB-mutant, metastatic tumors of patients 36, 37 and 49 (red). Data from Wang et al. (23).

Other strongly effective combination therapies in PPGL primary cultures included al-
pelisib/everolimus and alpelisib/trametinib (23). The efficacy of alpelisib/everolimus in vitro has
been described previously (24). The efficacy of alpelisib/trametinib might be due to an alpelisib-
mediated attenuation of trametinib-induced AKT activation and trametinib-mediated MEK/ERK

inhibition, as shown by our Western blot analysis (23). Similarly, the effects of alpelisib on
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trametinib-induced AKT activation have also been reported in meningioma cell lines (45). How-
ever, while alpelisib/trametinib is a highly effective combination in vitro, it is possible that the
simultaneous inhibition of two essential kinase signaling pathways (PI3K/AKT/mTOR signaling
and MAPK/ERK signaling) might induce significant side effects in vivo which might limit their
clinical application (46).

Our stratification according to clusters revealed that most of the single substances evaluated in
the PPGL primary cultures showed similar efficacy in both clusters (everolimus, sunitinib, al-
pelisib, trametinib, niraparib, entinostat, gemcitabine, AR-A014418, high-dose zoledronic acid)
(23); only cabozantinib, selpercatinib and 5-FU were significantly more effective in cluster 1 and
only high-dose estrogen and low-dose zoledronic acid were significantly more effective in cluster
2 (23). Targeted combination treatments (cabozantinib/everolimus, alpelisib/everolimus, al-

pelisib/trametinib) showed significantly higher efficacy in cluster 2 (23).

Interestingly, particularly promising therapeutic options with high efficacy in SDHB-mutant and
metastatic tumors included cabozantinib/everolimus combination therapy, gemcitabine, and high-

dose zoledronic acid (23).

Drugs that were shown to be effective in PPGL patients (47), but not in PPGL primary cultures,
included temozolomide and octreotide (23). While the somatostatin analog octreotide showed no
efficacy in vitro, including in the SDHB-mutant primary cultures (23), it is clinically effective in
patients with pathogenic variants in SDHB (47). Other drugs in clinical use that showed no effi-
cacy in vitro included HIF2a inhibitors and dabrafenib (23). The reason for efficacy of some drugs
in patients, but not in primary cultures, may be the fact that efficacy in primary cultures indicates
tumor cell death and not disease stabilization, which is an important parameter of drug efficacy

in vivo (23).

Of the drugs that we tested, several are already being studied for therapy of metastatic PPGL
patients (12). These include tyrosine kinase inhibitors sunitinib (NCT01371201) and cabozantinib
(NCT02302833) with promising preliminary results (48, 49), belzutifan (NCT04924075) and te-
mozolomide in combination with PARP inhibitors (NCT04394858, NCT05142241). Our results
therefore provide relevant and novel information, particularly regarding personalized, cluster-de-
pendent treatment, of metastatic PPGLs. However, since our data also have certain limitations,
e.g., a lack of the evaluation of drug toxicity particularly for combination therapies, as a next step

in vivo studies are needed.

In conclusion, while both diagnosis and therapy of these tumors remain challenging in clinical
practice, novel diagnostic markers and therapeutic strategies are constantly being studied and op-
timized. This enables a range of treatment possibilities and a promising outlook for metastatic

PPGL patients.

These results were published in Endocrine-Related Cancer in 2022 (23).
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1.3 Impact of the PI3Kalpha inhibitor alpelisib on everolimus resistance and
somatostatin receptor expression in an orthotopic pancreatic NEC xenograft

mouse model

As both the Materials and Methods and the Results have been described in detail previously (41),

they are only briefly summarized in the following paragraphs.

Human pancreatic NET cell lines BON1KDMSO (everolimus-sensitive) and BON1RR2 (evero-
limus-resistant) were cultivated in supplemented DMEM medium (41). In the BON1RR2 cells,
stable everolimus resistance has been proven previously (38). However, in preparation for the
mouse experiments, BONIRR2 cells were regularly administered 10 nM everolimus to ensure
stable resistance in vivo (41). This was discontinued 48h prior to tumor cell inoculation into the

mice (41).

BONIKDMSO and BON1RR2 cells were then transplanted into the pancreas of 74 female severe
combined immunodeficient (SCID) mice (BON1KDMSO: n=38 mice, RR2: n=36 mice) (Figure
5) (41).

Oral therapy using placebo, everolimus, alpelisib, or the combination of everolimus plus alpelisib,
was started after a minimum tumor size of around 140 mm?® was reached, and continued until a
tumor size of 1900 - 2000 mm?® or other termination criteria appeared (41). BON1KDMSO mice
were treated with placebo (n=10), everolimus (n=10), alpelisib (n=8) and everolimus/alpelisib
(n=10) (41). BON1RR2 mice were treated with placebo (n=10), everolimus (n=8), alpelisib (n=8)
and everolimus/alpelisib (n=10) (Figure 5) (41). Drug concentrations were chosen according to
the recommended doses in humans producing therapeutic levels (41). A full statistical analysis

was performed and significance was set at p < 0.05 (41).
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Figure 5: Establishment of an orthotopic pancreatic NEC xenograft mouse model. Everolimus-sensitive
BON1KDMSO cells were transplanted into the pancreas of 38 mice (top figure) and everolimus-resistant BON1RR2
cells were transplanted into the pancreas of 36 mice (bottom figure). The mice then received oral therapy with either

placebo, everolimus, alpelisib or the combination everolimus/alpelisib. Created with Biorender.com.

Median survival of the everolimus-sensitive mice and the everolimus-resistant mice under treat-
ment with placebo differed significantly, with the everolimus-resistant mice showing longer sur-
vival (53d in everolimus-resistance vs. 42d in everolimus-sensitive mice) (41). On treatment with
everolimus or alpelisib, only the everolimus-sensitive mice showed significantly longer survival
compared to placebo (44d everolimus, 53d alpelisib) (41). Everolimus treatment in the everoli-
mus-resistant mice showed no significant survival benefit, demonstrating everolimus-resistance
in vivo (41). However, everolimus/alpelisib combination therapy prolonged survival both in the
everolimus-sensitive (52d) and in the everolimus-resistant animals (69d) (41). Therefore, sup-
porting the in vitro data (38), we could show that combination treatment with alpelisib may also
overcome everolimus resistance in vivo. Further, both groups showed the longest median survival
under combination treatment, with the everolimus-resistant combination-treated group showing

the longest survival overall (41).

To assess potential treatment effects on renal function in the mice, renal scintigraphy was per-
formed, as formerly described (50). No adverse effects on renal function were found after treat-
ment with everolimus or combination therapy (41). Only alpelisib monotherapy led to delayed
excretion time after 4 weeks of treatment, consistent with increased serum creatinine levels found

in breast cancer patients after alpelisib treatment (51).



1 Introduction 19

Conventional staining with hematoxylin-eosin as well as immunohistochemistry was performed
on 66 tumors to evaluate tumor morphology, necrosis, Ki-67 and SSTR2 status (41). A high Ki-
67 index >20% (in the majority Ki-67 >55%), necrosis, and small cell morphology were found in
all tumors, classifying the tumors as NECs (41). Eight of these tumors were classified as mixed

endocrine/exocrine tumors based on the presence of gland formation and cystic features (41).

Oxygen consumption rates (OCR), representing mitochondrial respiration, and extracellular acid-
ification rates (ECAR), representing aerobic glycolysis (Warburg effect), of the BON1KDMSO
and BON1RR2 cells were assessed by performing XF Real-Time ATP Rate Assay experiments
in order to further characterize the role of GSK3 in everolimus-resistance (41). These results
showed that GSK3 inhibition by AR-A014418 led to a significant increase of OCR and a signif-
icant decrease of ECAR in both BON1KDMSO and BON1RR2 cells, suggesting a role of GSK3
in the impairment of mitochondrial respiration and a shift towards increased aerobic glycolysis
(Warburg effect) in these tumor cells (41). These data are consistent with previous studies where
increased GSK3 activation was shown to be associated with depleted mitochondrial function (52-

54).

Both everolimus and alpelisib are FDA-approved for cancer therapy (everolimus in NET patients,
alpelisib in breast cancer patients) (33, 51). Our results now provide novel data regarding their
combination therapy in vivo: The everolimus/alpelisib combination treatment can overcome
everolimus resistance in NECs. Synergistic effects of the alpelisib/everolimus combination were
also demonstrated in cluster 2 PPGL primary cultures (23) due to a complementary signaling

pathway inhibition.

However, due to the limited direct transferability of the mouse data to humans, the results should
be further validated in a clinical phase 2 study in NET/NEC patients. While a dose-finding phase
1 study investigating alpelisib in combination with everolimus in solid tumors has already demon-
strated a manageable safety profile and encouraging preliminary efficacy (55), as a next step, a
phase 2 study examining this combination therapy should be performed. Additionally, since al-
pelisib as a single drug has demonstrated high efficacy with few side effects in our study, it may

also be evaluated in a clinical phase 2 study in NET/NEC patients.

All data were published in Endocrine-Related Cancer in 2023 (41).
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2. Abstract

This cumulative dissertation evaluates therapeutic options for pheochromocytomas and paragan-
gliomas (PPGLs) and for neuroendocrine tumors and carcinomas (NETs/NECs) — tumor entities
for which treatment remains challenging when advanced or metastatic. Therefore, research into

novel therapies and potential combination therapies is urgently needed.

Since there is a lack of reliable human PPGL cell lines, we established a total of 33 patient-derived
PPGL primary cultures to investigate the efficacy of established and novel molecular-targeted
drugs and chemotherapeutic agents in vigr (23). Germline or somatic mutations were identified
in 79% of PPGLs, which allowed us to assess potential differences in drug responsivity between
pseudohypoxia cluster 1-related (n=10) and kinase signaling cluster 2-related (n=14) PPGL pri-
mary cultures (23). While we found only minor differences between drug responsivity of cluster
1- and cluster 2-related PPGLs, some monotherapies showed higher efficacy in cluster 1-related
tumors and some targeted combination treatments showed higher efficacy in cluster 2-related tu-
mors (23). Additionally, the tumors showed differences in therapy responses depending on the
individual mutations (23). Therefore, our data pave the way for personalized therapy of these

tumors.

In the case of NETs, most patients develop resistance to the mTORCI] inhibitor everolimus, one
of few officially approved therapies in NETs, within one year of treatment (41). Therefore, we
established an everolimus-resistant orthotopic pancreatic NEC xenograft mouse model, enabling
us to study resistance mechanisms in vivr and to evaluate the possibility of overcoming everoli-
mus-resistance through the addition of PI3Ka inhibitor alpelisib (41). A total of 74 severe com-
bined immunodeficient mice underwent transplantations of everolimus-sensitive
(BON1KDMSO) or everolimus-resistant (BON1RR2) pancreatic NET cells, and were subse-
quently orally treated with either placebo, everolimus, alpelisib or the combination everolimus/al-
pelisib (41). We found that alpelisib/everolimus combination treatment overcame everolimus re-
sistance in vivr and significantly prolonged survival (41). In the next step, a clinical phase 2 study
is now needed to validate these preclinical results and to offer additional information on efficacy,

toxicity, and tolerability of these therapies in patients.
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3. Zusammenfassung

Diese kumulative Dissertation evaluiert Therapieoptionen fiir Phdochromozytome und Para-
gangliome (PPGLs) und fiir neuroendokrine Tumore und Karzinome (NETs/NECs) — Tumoren-
titdten welche eine therapeutische Herausforderung darstellen, wenn sie bereits fortgeschritten
oder metastasiert sind. Daher ist die Erforschung neuer Therapiemoglichkeiten und potenzieller

Kombinationstherapien dringend notwendig.

Aufgrund eines Mangels an zuverldssigen humanen PPGL-Zelllinien, etablierten wir 33 humane
PPGL Primérkulturen um die Wirksamkeit von etablierten und neuen molekular gezielten Medi-
kamenten und Chemotherapeutika in vitro zu evaluieren (23). Wir identifizierten in 79% der
PPGLs somatische Mutationen oder Keimbahnmutationen, welche es uns ermdglichten die po-
tentiellen Unterschiede im Therapieansprechen zwischen Cluster 1- (n=10) und Cluster 2-assozi-
ierten (n=14) PPGL Primirkulturen zu beurteilen (23). Zusammenfassend fanden wir nur geringe
Unterschiede, jedoch zeigten einige Einzelsubstanzen vermehrte Wirksamkeit in Cluster 1-asso-
ziierten Tumoren und einige molekular gezielte Kombinationstherapien vermehrte Wirksamkeit
in Cluster 2-assoziierten Tumoren (23). Zudem zeigten sich individuelle Unterschiede im Thera-
pieansprechen zwischen den einzelnen Tumoren in Abhéngigkeit von ihrer spezifischen Mutation

(23). Somit ebnen unsere Daten den Weg zur personalisierten Therapie dieser Tumore.

Im Falle von NETs stellt der mTORCI Inhibitor Everolimus eine der wenigen offiziell zugelas-
senen Therapiemoglichkeiten dar, jedoch entwickelt ein Grofteil der Patienten bereits innerhalb
eines Jahres eine Resistenz gegeniiber Everolimus (41). Um diese Resistenzmechanismen und die
Moglichkeit der Resistenziiberwindung {iber die zusétzliche Gabe von PI3Ka Inhibitor Alpelisib,
in vivo zu erforschen, etablierten wir ein Everolimus-resistentes orthotopes pankreatisches NEC
Xenograft-Mausmodell. Insgesamt 74 immundefiziente Mduse erhielten eine Transplantation mit
Everolimus-sensitiven (BON1KDMSO) oder Everolimus-resistenten (BON1RR2) pankreati-
schen NET-Zellen und im Anschluss eine Therapie mit Placebo, Everolimus, Alpelisib oder der
Kombination Everolimus/Alpelisib (41). Es zeigte sich, dass die Alpelisib/Everolimus Kombina-
tionstherapie die Everolimus-Resistenz in vivo iiberwinden und das Uberleben signifikant verlén-
gern konnte (41). Im néchsten Schritt wird eine klinische Phase 2 Studie benétigt, um diese prak-
linischen Resultate zu validieren und zusétzliche Daten beztiglich Wirksamkeit, Toxizitdt und

Vertréglichkeit dieser Therapien am Patienten zu liefern.
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Abstract

Aggressive pheochromocytomas and paragangliomas (PPGLs) are difficult to treat, and Key Words

molecular targeting is being increasingly considered, but with variable results. This study » personalized drug testing
investigates established and novel molecular-targeted drugs and chemotherapeutic » pheochromocytoma/
agents for the treatment of PPGLs in human primary cultures and murine cell line paraganglioma
spheroids. In PPGLs from 33 patients, including 7 metastatic PPGLs, we identified > human primary cultures
germline or somatic driver mutations in 79% of cases, allowing us to assess potential > 3D spheroid models
differences in drug responsivity between pseudohypoxia-associated cluster 1-related > somatic mutations

(n =10) and kinase signaling-associated cluster 2-related (n = 14) PPGL primary
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cultures. Single anti-cancer drugs were either more effective in cluster 1 (cabozantinib,
selpercatinib, and 5-FU) or similarly effective in both clusters (everolimus, sunitinib,
alpelisib, trametinib, niraparib, entinostat, gemcitabine, AR-A014418, and high-dose
zoledronic acid). High-dose estrogen and low-dose zoledronic acid were the only

single substances more effective in cluster 2. Neither cluster 1- nor cluster 2-related
patient primary cultures responded to HIF-2a inhibitors, temozolomide, dabrafenib,

or octreotide. We showed particular efficacy of targeted combination treatments
(cabozantinib/everolimus, alpelisib/everolimus, alpelisib/trametinib) in both clusters, with
higher efficacy of some targeted combinations in cluster 2 and overall synergistic effects
(cabozantinib/everolimus, alpelisib/trametinib) or synergistic effects in cluster 2 (alpelisib/
everolimus). Cabozantinib/everolimus combination therapy, gemcitabine, and high-dose
zoledronic acid appear to be promising treatment options with particularly high efficacy
in SDHB-mutant and metastatic tumors. In conclusion, only minor differences regarding
drug responsivity were found between cluster 1 and cluster 2: some single anti-cancer
drugs were more effective in cluster 1 and some targeted combination treatments were

more effective in cluster 2.

Endocrine-Related Cancer
(2022) 29, 285-306

Introduction

Pheochromocytomas (PCCs) and paragangliomas (PGLs),
collectively referred to as PPGLs, are rare endocrine
tumors originating from neural crest-derived cells of the
adrenal medulla or the sympathetic or parasympathetic
paraganglia. Approximately 10-15% of PCCs and 35-40%
of PGLs are metastatic (Goldstein et al. 1999, Mannelli et al.
1999, Eisenhofer et al. 2012, Crona et al. 2019, Bechmann
etal. 2020), defined as the presence of metastases in lymph
nodes or other distant sites, particularly bones (Lam 2017).
The median overall survival of patients with metastatic
PPGLs has been reported to be 7 years (Hescot et al. 2019),
with a 5-year mortality rate of 37% (Turkova et al. 2016,
Hamidi et al. 2017).

PPGLs have the highest degree of heritability among
all tumor entities: 30-35% show identifiable germline
mutations and another 35-40% somatic driver mutations
in known susceptibility genes (Burnichon et al. 2011,
Luchetti et al. 2015, Fishbein et al. 2017, Gieldon et al.
2019, Jiang et al. 2020). Therefore, around 70% of all PPGLs
can be assigned to one of three main molecular clusters
with different gene expression signatures and clinical
behavior (Fig. 1). Pseudohypoxia-associated cluster 1 is
subdivided into cluster 1A (Krebs cycle-related) and cluster
1B (hypoxia signaling related). Cluster 1-related mutations
lead to hypoxia-inducible factor (HIF) 2a stabilization and
accumulation which promote angiogenesis, tumor cell
migrationandinvasion,extravasation,andmetastasis (Keith
et al. 2011, Bechmann et al. 2020). Accounting for around
50-60% of all metastatic tumors, cluster 1-related PPGLs

have the highest metastatic risk, with up to 75% showing
metastases (John et al. 1999, Turkova et al. 2016, Crona et al.
2019, Bechmann et al. 2020). Around 2-4% of metastatic
tumors belong to the kinase signaling-associated cluster
2 (metastatic risk 2-12%) (Crona et al. 2019, Bechmann
et al. 2020). Cluster 3 mutations of Wnt signaling-related
genes have been revealed to play an active role in PPGL
pathogenesis and are associated with aggressive behavior
and high metastatic risk (Fishbein et al. 2017, Alzofon et al.
2021). Knowledge of a tumor’s molecular cluster guides
informed personalized management of PPGLs. Although
cluster-specific diagnostics (biochemistry, imaging) and
follow-up have entered clinical routine (N6lting et al. 2019,
2022), therapy is largely not as yet cluster-specific.

Apart from high-specific activity [$3]-MIBG therapy
- approved only in the United States - there are neither
approved nor highly effective therapies available for
metastatic PPGLs. In clinical practice, conventional
chemotherapy with cyclophosphamide, vincristine,
and dacarbazine (CVD) is used in patients with rapidly
progressive metastatic PPGL with a high tumor burden,
while watchful waiting or radionuclide therapy is the
recommended first-line option for patients with slow or
moderate disease progression (Fassnacht et al. 2020, Lenders
et al. 2020, Nolting et al. 2022). In the cases of further
progression, the tyrosine kinase inhibitors (TKI) sunitinib
or cabozantinib, or the chemotherapeutic temozolomide,
can be used (Ayala-Ramirez et al. 2012, Hadoux et al. 2014,
Jimenez et al. 2017, O’Kane et al. 2019, Baudin et al. 2021).
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Figure 1

PPGL molecular clusters 1, 2, and 3, including their associated loss- or gain-of-function mutations (green), and potential informed targeted treatment
options (red). Pseudohypoxia-associated cluster 1 is subdivided into cluster 1A (Krebs cycle related) and cluster 1B (VHL/EPAST hypoxia signaling related).
Cluster 1A involves mutations in genes encoding for succinate dehydrogenase subunits and succinate dehydrogenase complex assembly factor-2
(SDHA[AF2]/B/C/D), fumarate hydratase (FH), malate dehydrogenase 2 (MDH2), isocitrate dehydrogenase 1 (/DH), mitochondrial glutamicoxaloacetic
transaminase (GOT2), 2-oxoglutarate-malate carrier (SLC25A117), dihydrolipoamide S-succinyltransferase (DLST), and succinate-CoA ligase GDP-forming
subunit beta (SUCLG2). Cluster 1B comprises mutations in Egl-9 prolyl hydroxylase-1 and -2 (EGLN1/2 encoding PHD1/2), von Hippel-Lindau (VHL),
hypoxia-inducible factor 2a (HIF2A/EPAST), and iron regulatory protein 1 (/RP7). The kinase signaling-associated cluster 2 includes mutations in the
rearranged during transfection proto-oncogene (RET), neurofibromin 1 (NF7), HRAS, transmembrane protein 127 (TMEM127), Myc-associated factor X
(MAX), and fibroblast growth factor receptor 1 (FGFR1), and in rare cases in Met, MERTK, BRAF, and the nerve growth factor receptor (NGFR), which leads to
overactivation of the PI3K/AKT, mTORC1/p70S6K, and RAS/RAF/MEK/ERK (MAPK) signaling pathways. Wnt signaling-associated cluster 3 comprises
mutations in cold shock domain-containing E1 (CSDET), ‘mastermind-like’ transcriptional coactivator 3 (MAML3). {+ denotes protein activation/upregulation;
1 denotes protein inhibition; © denotes tumor-promoting loss-of-function mutation; ) denotes tumor-promoting gain-of-function mutation.

Therefore, there is a considerable clinical need for
novel therapeutic strategies and more effective treatment
options, especially for metastatic PPGLs, which would
ideally be individualized. Given the lack of reliable human
PPGL cell models, we have established a model to perform
individualized drug testing in patient-derived PPGL primary
cultures (Fankhauser et al. 2019), which has been designated
as a very promising in vitro model (Bayley & Devilee 2020).

After publishing preliminary data from six non-
metastatic tumors (Fankhauser ef al. 2019), we have now
expanded our studies (n= 33) allowing us to compare

the drug responsivity of cluster 1- (n = 10) with the drug
responsivity of cluster 2-related PPGLs (n= 14). Seven of
the included primary cultures are from metastatic PPGLs
(n =3 cluster 1, n = 4 non-defined).

Materials and methods

This study was approved by the local ethics committee
of both partaking centers (Ethikkommission der
Medizinischen Fakultit der LMU Miinchen, Projekt-Nr.
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379-10 and Kantonale Ethikkommission Ziirich, BASEC
2017-00771) and by ENS@T (European Network for the
Study of Adrenal Tumors). Written informed consent was
obtained from each patient prior to participation.

Human PPGL two-dimensional primary cultures and
murine MPC cell lines

Fresh primary tumor tissues were obtained directly after
surgery from 33 PPGL patients at the University Hospitals
of LMU Munich (n= 25) and USZ Zurich (n= 8) and
numbered consecutively. PPGL primary cultures were
isolated using collagenase and red blood cell lysis buffer,
incubated for 72 h after seeding and then treated for 72
h with inhibitors listed below (DMSO used as control).
Murine pheochromocytoma cell lines (MPC) were
cultivated and treated with inhibitors for up to 14 days.
Both primary and murine cell viabilities were assessed
as previously described (Fankhauser et al. 2019). In order
to avoid fibroblast overgrowth in the primary cultures,
we performed these short-term experiments. We did not
observe fibroblast overgrowth on day 8 of cultivation,
but it was seen on day 16 of cultivation in the untreated
PPGL primary cultures. Other studies have also described
fibroblast overgrowth after 15 days of cultivation (April-
Monn et al. 2021).

Human PPGL three-dimensional primary cultures

Primary cell isolation was carried out using the
gentleMACS™ Octo Dissociator with Heaters (Miltenyi
Biotec, Germany) together with the human Tumor
Dissociation Kit (Miltenyi Biotec). Single-cell suspensions
were incubated with RBCLB for 3 min. Primary cells (2 x 10*
per well) were plated in a 96-well Ultra-Low Attachment
plate (Corning) and incubated for 6 days to allow spheroid
formation. Subsequently, cells were treated with drugs for
72 h, and cell viability was assessed after 0, 24, 48, and 72
h using RealTime-Glo™ MT Cell Viability Assay (Promega).

Inhibitors and treatment concentrations

Eighteen different drugs were tested alone and in
combination. Drugs targeting cluster 2 include
cabozantinib and sunitinib, selpercatinib (LOXO-292),
alpelisib (BYL719), everolimus, dabrafenib, trametinib,
and AR-A014418. Drugs targeting cluster 1 include
temozolomide, niraparib, entinostat, gemcitabine and
5-fluorouracil (5-FU), octreotide, TC-S 7009, and belzutifan

(MK6482/PT2977). Other drugs include zoledronic acid
and estradiol. The drugs were purchased from Selleckchem
(Houston, TX, USA), Hycultec (Beutelsbach, Germany),
and Lucerna-Chem (Lucerne, Switzerland) and dissolved
in DMSO. In general, we used drug concentrations to
approximate the average plasma concentrations measured
in patients after therapy (Supplementary Table 1, see
section on supplementary materials given at the end of this
article). If this information was not available from previous
studies or if these doses were not effective (in rare cases),
we then performed drug dose-response curves to identify
the effective concentrations in vitro (Supplementary Fig. 1).

Genetic testing

Targeted next-generation sequencing (NGS), used to
identify somatic variants in tumors, was conducted with a
custom multi-gene panel covering 84 genes (Gieldon et al.
2019) or the human comprehensive cancer panel (Qiagen,
DHS-3501Z), covering 306 cancer-associated genes. In
both panels, known PPGL susceptibility genes (NFI, RET,
TMEM127, VHL, FH, SDHA, SDHB, SDHC, SDHD, SDHAF2,
and MAX), as well as commonly known oncogenes and
tumor suppressor genes, were included. Sequencing and
analysis were performed as previously described (Gieldon
et al. 2019). Classification of identified variants was
performed following the standards and guidelines of the
American College of Medical Genetics and Genomics and
the Association for Molecular Pathology (ACMG-AMP)
(Richards et al. 2015).

Germline testing was performed during routine clinical
practice in the respective centers of human genetics using
patient blood samples.

Generation and validation of Sdhb knockdowns in
murine MPC cells

Mouse PCC cells, MPC 4/30/PRR, and MPC cells with
stable expression of HIF-2a (MPC mCherry H2A/EV)
were cultivated as previously described (Bechmann et al.
2019). Five single-guide RNA (sgRNA) specific to Sdhb were
cloned into pLenti SpBsmBI sgRNA Puro (provided by
Rene Maehr; Addgene plasmid #62207) (Pham et al. 2016).
After initial testing, two sgRNA were chosen for further
use (sgRNA-2: ACCTCGAATGCAGACGTACG; sgRNA-3:
TGCGCCATGAACATCAACGG). Components of the
CRISPR/Cas9 system were stably introduced into MPC
cells by two subsequent lentiviral transductions. First Cas9
from Streptococcus pyogenes was transduced using vector
Lenti-Cas9-2A-Blast (provided by Jason Moffat; Addgene
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plasmid) (Hart et al. 2015). Positively transduced cells
were selected by 2 pg/mL blasticidin treatment and then
transduced with sgRNA specific for Sdhb or with the vector
without sgRNA. After puromycin (0.5 pg/mlL) selection,
cell lines MPC-Cas9-sgRNA2, MPC-Cas9-sgRNA3, and
MPC-Cas9-control were obtained (Supplementary Fig. 2).

Spheroid cultivation and treatment

Spheroids of different MPC sub-cell lines were generated
(500 cells/spheroid) and cultivated as previously described
(Bechmann et al. 2018, 2019). Four days after seeding,
spheroids were treated with selected drugs. DMSO was used
as the control. Average spheroid diameters were measured
14 days after seeding using Image] Software (single
treatment). Diameters were given relative to DMSO-treated
spheroids to account for different growth behaviors of the
different cell lines.

SDS-PAGE and Western blot analysis

Cells were seeded into six-well plates (300,000-500,000
cells/well) and treated with selected inhibitors the
following day. After 24 or 72 h, cell lysis was performed
using a 1:100 dilution of Halt™ Protease and Phosphatase
Inhibitor Cocktail (100x) with M-PER™ Mammalian
Protein Extraction Reagent, both purchased from Thermo
Scientific. Western blotting was then conducted as
previously described (Jin et al. 2020). Supplementary
Table 2 lists the applied antibodies. Protein bands were
visualized using chemiluminescence imaging system ECL
Chemocam imager (INTAS, Gottingen, Germany) and
Western blot quantification was performed.

For the validation of Sdhb knockouts in MPC cells,
SDHB protein levels were quantified in three different
passages of the cell lines by Western blotting using anti-
SDHB (ab14714, Abcam) and anti-actin (MAB1501R,
Millipore) antibodies. Densitometry on Western blot
images was performed using Image]J software.

Statistical analysis

Each cell viability experiment consisted of four samples
per drug concentration. All results are displayed as the
mean * S.D. Efficacy was described as poor (<25% cell
viability reduction), moderate (25-50% cell viability
reduction), and strong (>50% cell viability reduction).
Statistical calculations were made using R4.0 (R Foundation
for Statistical Computing, Vienna, Austria). Wald tests
were used for the treatment comparisons. Synergism was

assessed as previously described (Slinker 1998, Fankhauser
etal. 2019). ‘Synergistic effects’ were confirmed when single
effects were significant and interaction effects were both
negative and significant. ‘Additive effects’ were defined as
significant single effects but non-significant interaction
effects. ‘Antagonistic effects’ were defined as significant
single effects and both positive and significant interaction
effects. Statistical significance was set at P < 0.05. Due to
the exploratory nature of the study, no adjustment for
multiple testing was done.

Results

Tumor characteristics, mutational status, and
biochemical phenotypes

Genetics

We established human PPGL primary cultures (25 PCCs, 8
PGLs) from 33 individual patients, including 7 metastatic
PPGLs (21%, 3 PGLs, 4 PCCs; Table 1). Germline or somatic
mutations were found in 79% (26/33) of tumors, with
76% (25/33) in known PPGL susceptibility genes (Fig. 2).
The somatic and germline mutations identified in the
different tumors are summarized in Table 1. Altogether,
10 clusters 1 mutations (36%), 14 clusters 2 mutations
(50%), 2 secondary modifier mutations (ATRX; 7%), and
2 potential driver mutations which have not previously
been described in PPGL (ATM, MPL; 7%) were identified.
Two tumors showed double mutations. In seven tumors,
no known PPGL driver mutations were found.

Biochemical and clinical phenotypes in

different clusters

Cluster 1 PPGLs are regularly associated with noradrenergic
(elevated plasma concentrations of normetanephrine and
no or relatively small increases in metanephrine) and
cluster 2 PPGLs with adrenergic (plasma metanephrines
that exceed 5% relative to the sum of metanephrines and
normetanephrines) phenotypes.

All cluster 1-associated PPGL patients (n= 10)
presented with noradrenergic phenotypes, except for two
biochemically silent head-and-neck PGL (HNPGL) patients
(47 and 48). All cluster 2-associated PPGL patients (n = 14),
apart from patients 30 (TMEM127-mutant, noradrenergic),
42 (RET (VUS)-mutant, noradrenergic), and 49 (NFI-
mutant HNPGL, biochemically silent), showed adrenergic
phenotypes. In patients without cluster affiliations, ATRX
mutations were associated with noradrenergic and the MPL
mutation with adrenergic phenotypes. As expected from
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Table 1 Human PPGL primary cultures patient cohort (n = 33).

primary cultures

Biochemical Tumor Germline
PatientID  Sex Age (years) Histology and tumor characteristics Ki-67 (%) phenotype sequencing status
4a m 82 PCC, 1.5 cm, capsule infiltration 1-2  Adrenergic No mutation ~ No mutation
52 m 50 PCC, 129 cm 1-2  Adrenergic NF1 n/a
62 f 73 PCC,3.9cm 2 Adrenergic NF1 Somatic
72 m 26 PCC, 4 cm, angioinvasion <5 Noradrenergic No mutation ~ No mutation
10a m 65 PCC, bilateral, right 5.7 cm <1 Noradrenergic VHL, ATRX n/a
and left 2.1 cm, PASS 3
11a m 59 PCC, 5.5 cm, capsule infiltration, <1 Adrenergic BRAFV601 n/a
angioinvasion, PASS 2
12 f 36 PCC, 6 cm <2 Adrenergic RET:p.C618S Germline
(MEN2A)
13 f 58 PGL, metastatic (liver, lymph n/a  Noradrenergic No mutation ~ No mutation
node, muscle), max. 9.5 cm,
muscle infiltration, angioinvasion
16 m 58 PCC, 3.7 cm low  Noradrenergic SDHC Germline
18 m 25 PCC, 2.6 cmor 1.9 cm 1-2  Adrenergic RET:p.C634A, Germline
ATM (MEN2A)
19 f 41 PCC,9cm 1-2  Adrenergic NF1 Somatic
20 m 52 PCC, 8.2cm <1 Adrenergic NF1 Somatic
21 f 70 PGL, nonfunctioning, 1 Silent No mutation ~ No mutation
abdominal, 4.2 cm, R1
22 f 41 PGL, extra/periadrenal, 1 Adrenergic RET:p.C634T Germline
1.7 cm, and PCC 6 mm, R1 (MEN2A)
23 f 19 PCC, max. 6.1 cm n/a Noradrenergic VHL Somatic
24 m 57 PCC, 2.7 cm <1 Adrenergic MPL Somatic
26 f 34 PGL, abdominal, max. 4.5 cm 4 Noradrenergic VHL Germline
27 m 53 PCC, metastatic (lung, bone), 80 Noradrenergic ATRX Somatic
5.2 cm, angioinvasion, PASS 15
30 m 62 PCC, max. 6.7 cm, PASS 0 n/a  Noradrenergic TMEM127 Somatic
32 f 58 PCC, max.3.3cm n/a  Noradrenergic VHL n/a
33 f 55 PCC, max. 12.6 cm <1 Adrenergic NF1 n/a
34 f 50 PCC, metastatic (liver, lymph 10 Noradrenergic No mutation ~ No mutation
node, bone), 16.9 cm, GAPP 8 (VUS SDHA®)
36 f 33 PCC, metastatic (bone, 15 Noradrenergic SDHB Germline
paravertebral)
37 m 38 PGL, metastatic (liver, lymph 5 Noradrenergic SDHB Germline
node, bone), 8 cm, infiltration of
liver and vena cava, GAPP 8,
immunohistochemical SDHB-loss
38 f 63 PCC, max. 2.2 cm 1-2  Noradrenergic EPAST Somatic
40 f 38 PCC, 7 cm, PASS 3 <1 Adrenergic NF1 Somatic
42 f 74 PCC, 5.4 cm, lymphatic invasion 10 Noradrenergic VUS RETe Somatic
44 f 49 PCC, 4 cm <2 Adrenergic HRAS Somatic
45 m 76 PCC, 2.8 cm, angioinvasion, <1 Noradrenergic No mutation ~ No mutation
SSTR2 expression negative
46 f 62 PCC, micrometastases (lung), 2-3  Adrenergic No mutation No mutation
9.8 cm, angioinvasion
47 f 27 PGL, head/neck, 2.7 cm, n/a  Silent SDHB Germline
immunohistochemical SDHB-loss
48 f 47 PGL, head/neck, metastatic n/a Silent SDHB (VUS Germline
(bone), 1.2 cm EPAS1d)
49 m 36 PGL, head/neck, 2.1 cm n/a  Silent NF1 Somatic
Total 14 m, median 25 PCCs, 8 PGLs, 14 adrenergic, 15 12 somatic,
19f age: 52 7 metastatic PPGLs noradrenergic, 9 germline,
4ssilent 5 unknown

aPreviously published data (Fankhauser et al. 2019). 'SDHA:c.1232G>A (p.Gly411Asp). Succinate:fumarate unremarkable. cMost likely pathogenic
mutation. dClinical interpretation unclear, mutation mentioned for information.

Male (m), female (f), pheochromocytoma (PCC), paraganglioma (PGL), pheochromocytoma and paraganglioma (PPGL), next-generation sequencing (NGS),
not available (n/a).
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Somatic and germline mutations in known PPGL
susceptibility genes

ATRX (2)
. 8% VHL (4)
VUS RET* (1) 15%

4%

EPAS1 (1)

RET (3) i

12%

TMEM127 (1) SDHB (4)
4% 15%
HRAS (1)
4%
BRAF (1)
4% SDHC (1)

4%

NF1(7)
26%

other studies, metastatic PPGLs - except for one (patient
46) - had noradrenergic phenotypes.

SSTR2 baseline expression in patient primary cultures

Currently there is no evidence for direct transferability of
primary culture data to patient care. Two anecdotal reports
indicate transferability of primary culture data to patient
management.

PGL patient 13

Patient 13, without a known PPGL susceptibility
mutation, presented with recurrent liver, lymph node,
and abdominal metastases from a primarily resected PGL.
Somatostatin receptor (SSTR)-based radionuclide imaging
showed SSTR2 positivity. Baseline SSTR2 expression
by Western blot analysis was notably higher compared
to most other primary cultures (n= 16; Fig. 3A and B).
SSTR2-targeted radionuclide therapy (PRRT) was clinically
applied as first-line systemic therapy; follow-up staging
indicated a complete biochemical (decrease of plasma free
normetanephrines from 1020 ng/L to 239 ng/L) and almost
complete radiological response (Fig. 3C).

PCC patient 34

Primarily metastatic patient 34 also showed SSTR2-
positivity in clinical imaging but, in contrast to patient 13,
very low SSTR2 protein levels in Western blot analysis (Fig.
3A). Due to multiple lymph node and bone metastases,
patient 34 received two cycles of PRRT after primary tumor

primary cultures

)
Cluster 1
mutations
SEEEEEE—
Cluster 2
mutations
Figure 2
Distribution of somatic and germline mutations in
Secondary , ) )
modifier 25/33 PPGL samples with mutations in known
A N
miatations PPGL §uscept|b|l.|ty gelnves (76@). Cluster 1
N—/ mutations were identified in 10 samples, cluster 2

mutations were identified in 14 samples, and
secondary modifier mutations were identified in 2
samples. Double mutations were found in 2
samples. Not shown: two samples with mutations
in unknown PPGL susceptibility genes (MPL, ATM).
*Most likely pathogenic mutation.

resection but showed no radiological response with instead
mildly progressive disease (Fig. 3C).

Drug treatment of patient primary cultures

We correlated drug responsivity with the underlying
mutation/cluster affiliation, performed Western blot
analysis where sufficient cell material was available (n = 16),
and identified baseline and therapy-induced differences.
Table 2 shows drug responsivity of the PPGL primary
cultures, defined as the mean percentage of cell viability
reduction after drug treatment, stratified depending on
the underlying mutation and cluster affiliation. Statistical
significance was assessed overall and for cluster 1, cluster 2,
and metastatic primary cultures. We also compared drug
responsivity of cluster 1-related with drug responsivity of
cluster 2-related tumors.

Kinase signaling inhibitors in clinical use: targeting
cluster 2?

Multi-TKIs  cabozantinib and sunitinib alone
and in combination with mTORC1 inhibitor
everolimus Cabozantinib and sunitinib are currently in
clinical use as therapeutic options for progressive metastatic
PPGLs. In our PPGL primary cultures, we tested both
drugs alone and in combination with everolimus, which
is clinically used for progressive neuroendocrine tumors
(NETs). Clinically relevant doses of cabozantinib (5 pM),
sunitinib (0.5 pM), and everolimus (10 nM) significantly
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primary cultures

Eatient 34: F-18-SiFA-TATE PET/CT
prior to PRRT

patient 13: Ga-68 DOTA-TOC PET/CT
prior to PRRT

-
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W
e
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After 2 cycles of PRRT @
After 2 cycles of PRRT

After 3 cycles of PRRT

?

¥

Baseline SSTR2 protein levels in relation to TCE protein levels (A) and baseline SSTR2 quantification (B) of the PPGL primary cultures (n = 16). Significantly
higher SSTR2 expressions were found in the metastatic PGL primary cultures of patients 13 and 21 and the PCC primary culture of patient 32 compared
to the other PPGL primary cultures. (C) Ga-68 DOTA-TOC PET/CT imaging of patient 13 prior to and after two and three cycles of SSTR2-guided peptide
receptor radionuclide therapy (PRRT) and F-18-SiFA-TATE PET/CT imaging of patient 34 prior to and after two cycles of PRRT. After two to three cycles of
PRRT, Ga-DOTA-TOC PET/CT of patient 13 showed a significant decrease of tumor burden. Patient 13 also had a strong biochemical therapy response
with a near normalization of plasma free normetanephrines (239 ng/L) from initial values of 1020 ng/L. In contrast, F-18-SiFA-TATE PET/CT of patient 34

showed slightly progressive disease after two cycles of PRRT.

reduced primary culture cell viability. Cabozantinib showed
the strongest efficacy. Unexpectedly, cabozantinib was
significantly more effective in cluster 1- (n= 8) compared
to cluster 2-related PPGLs (n = 13) (—44% vs —35% viability
reduction), especially in SDHB-mutant metastatic PPGLs
(—55%, n = 3) (Fig. 4A). Everolimus was similarly effective in
both clusters (-28%, n = 31) but showed stronger efficacy in
SDHB-mutant PPGLs (—36%, n = 4).
Cabozantinib/everolimus combination treatment
was highly effective in both clusters and showed an
overall synergistic effect (—66%, n = 14) with slightly but
significantly stronger efficacy in cluster 2 (—74%, n=5)
compared to cluster 1 (—62%, n = 5; Fig. 4A). Combination
treatment resulted attenuation of everolimus-
induced AKT activation and a strong inhibition of mTOR
downstream effectors 4EBP1, p70S6K, and S6 (n= 6) as a
potential explanation for the synergism of the two drugs
(Supplementary Fig. 2). Supporting this finding, we
confirmed the strong efficacy of cabozantinib/everolimus

in

combination treatment in a MPC spheroid model, with
significant spheroid shrinkage and no regrowth 10 days
after combination treatment (Fig. 4B, C and D).

Sunitinib showed low overall efficacy (—15%, n = 30)
with best efficacy in SDHB-mutant tumors (—20%, n=
3) (Fig. 5). Sunitinib/everolimus combination treatment
was significantly more effective in cluster 2 (-43%, n=
11) compared to cluster 1 (—36%, n= 7) and showed
additive effects (Fig. 5). However, the efficacy of sunitinib/
everolimus was overall much weaker compared to other
targeted combinations tested (cabozantinib/everolimus,
alpelisib/everolimus, alpelisib/trametinib (see below)),
especially in metastatic SDHB-mutant primary cultures 36
and 37 (Figs 4, 5 and 6, red-labeled).

PI3K inhibitor alpelisib alone and in combination
with everolimus We have previously shown synergistic
effects of alpelisib in combination with everolimus in a few
patients’ primary cultures (n = 6) and in human progenitor
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Figure 4

The tyrosine kinase inhibitor (TKI) cabozantinib tested in combination with the mTORC1 inhibitor everolimus in 2D PPGL primary cultures and in MPC cell
spheroids. (A) Stratification depending on molecular clusters and malignancy. Patients with the same mutation are represented by the same color.
Seventy-two-hour cell viability assay: Treatment with cabozantinib (n = 29) alone and in combination with everolimus (n = 31). Cabozantinib at a dose
close to the clinically relevant doses significantly reduced cell viability, particularly in the SDHB-mutant metastatic tumors of patients 36, 37, and 49 (red
frame). Cabozantinib/everolimus combination therapy led to an overall synergistic decrease of cell viability (n = 14). An additive decrease was found in
cluster 1-related (n = 5) and metastatic tumors (n = 5) while a synergistic decrease was found in cluster 2-related tumors (n = 5). *Significant decrease of
cell viability compared to control DMSO P < 0.05. (B) Combination treatment with cabozantinib and everolimus in MPC cell spheroids with expression of
Hif2a resulted in a significant reduction in spheroid diameter and showed superiority to treatment with cabozantinib alone. (C) Cabozantinib/everolimus
significantly reduced the spheroid diameter, compared to the untreated controls, with slightly higher efficacy in Sdhb knockdown spheroids compared to
the control spheroids. Mean # s.e.m. ANOVA and Bonferroni post hoc test comparison vs DMSO control *P < 0.05, **P < 0.01 vs MPCmCherry EV or MPC
Cas9 ctrl #P < 0.05, #P < 0.01, vs cabozantinib alone #P < 0.05, %P < 0.01. (D) Cabozantinib/everolimus combination treatment significantly diminished
the growth of MPC Sdhb knockdown spheroids compared to the untreated DMSO control or single treatment with cabozantinib.

moderate efficacy with significantly higher efficacy in
cluster 1-related (n= 6) and slightly higher efficacy in
metastatic, compared to cluster 2-related primary cultures
(n=9) (—41%, —37%, and —28%, respectively), including
RET-mutant patients (—20%, n = 3). Selpercatinib inhibited
ERK signaling in most (9/12) PPGL primary cultures,
including RET-mutant PCC from patient 18 (Fig. 9B).

Chemotherapeutics, inhibitors of PARP, HDAC1 and
HIF-2a, somatostatin analogs: targeting cluster 1?

Chemotherapeutic temozolomide, PARP inhibitor
niraparib, and HDAC1 inhibitor entinostat As
previously published (n= 5) (Fankhauser et al. 2019),
temozolomide (100 pM) - currently in clinical use for
metastatic PPGLs - showed poor overall efficacy in human
primary cultures (—2%, n= 19). Niraparib (10 pM) and
entinostat (1 pM) were moderately effective (-27%, n=

27 and —40%, n= 28) with slightly higher efficacy in
cluster 1 and metastatic PPGLs, compared to cluster 2.
Temozolomide/niraparib combination therapy showed
overall synergistic effects (—37%, n = 19) while niraparib/
entinostat combination therapy showed antagonistic
effects (—46%, n = 23), with no relevant difference between
both clusters. Both combination therapies showed strong
efficacy in SDHB-mutant PPGLs (-52%, n= 2 and —52%,
n=23).

Chemotherapeutic gemcitabine alone and in
combination with GSK3 inhibitor AR-A014418
Clinically relevant doses of gemcitabine (30 pM) led to a
moderate viability decrease (—47%, n = 14) in both clusters,
with strong efficacy in SDHB-mutant cases (—60% n = 3,
—72% in two metastatic SDHB-mutant cases; Fig. 10A).
MPC spheroid models confirmed the strong efficacy
of gemcitabine with a strong shrinkage/destruction
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Figure 5

Stratification depending on molecular clusters and malignancy. Patients with the same mutation are represented by the same color. Seventy-two-hour
cell viability assay: Treatment with the tyrosine kinase inhibitor (TKI) sunitinib (n = 30) alone and in combination with the mTORC1 inhibitor everolimus
(n =31). Sunitinib/everolimus combination therapy (n = 26) led to an additive but weaker decrease of cell viability compared to other targeted
combination therapies, especially in the metastatic SDHB-mutant primary cultures 36 and 37 (red frame). An additive decrease of cell viability was also
found in cluster 2-related (n = 11) and metastatic (n = 6) tumors. However, in cluster 1-related (n = 7) tumors, sunitinib/everolimus showed antagonistic
effects. *Significant decrease of cell viability compared to control DMSO P < 0.05.

of all cell line spheroids and no regrowth 10 days after
treatment (Sdhb knockdown and control cells; Fig. 10B
and C). Since GSK3 inhibition may sensitize cancer cells
to chemotherapy with gemcitabine, we tested the GSK3
inhibitor AR-A014418 in combination with gemcitabine.
However, while AR-A014418 (20 pM) alone significantly
decreased overall cell viability (—50%, n = 15), gemcitabine/
AR-A014418 combination therapy showed antagonistic
effects (—54%, n = 13).

Chemotherapeutic 5-FU 5-FU (20 pM) moderately
decreased cell viability in the primary cultures (—27%, n =
21). Significantly higher efficacy was detected in cluster
1-related (—36%, n = 6), with the highest efficacy in SDHB-
mutant (—40%, n= 3), compared to cluster 2-related
tumors (—-20%, n= 8). In RET-mutant tumors, 5-FU
treatment even led to a promotion of tumor cell survival
(+4%, n = 3).

HIF-2a inhibitors TC-S 7009 (20 pM, 40 pM, n= 17)
and belzutifan (10 pM, 20 pM, n = 9) showed low overall
efficacy in the primary cultures and no difference between
both clusters (TC-S 7009: —8% (20 pM) and —19% (40 pM);
belzutifan: —1% (10 pM) and —7% (20 uM)).

Somatostatin analog octreotide Octreotide has been
approved for the therapy of metastatic NETs but data
on PPGLs is still lacking. Octreotide (40 pM) showed
no efficacy in the primary cultures (—2%, n = 19) and no
difference between clusters, including patients 13 and 21
with high SSTR2 expression.

Others
Bisphosphonate zoledronic acid Zoledronic acid, which

is regularly applied to PPGL patients with bone metastases,
significantly decreased cell viability at clinically relevant
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Figure 6

Stratification depending on molecular clusters and malignancy. Patients with the same mutation are represented by the same color. Seventy-two-hour
cell viability assay of the PI3K inhibitor alpelisib (n = 31) and the mTORC1 inhibitor everolimus (n = 31). Additive decrease of overall cell viability by
alpelisib/everolimus combination therapy (n = 31) as well as in cluster 1-related (n = 9) and metastatic tumors (n = 7). Synergistic decrease of cell viability
by alpelisib/everolimus combination therapy in cluster 2-related tumors (n = 13). Notably, the highest viability decrease was found in metastatic
SDHB-mutant primary cultures 36, 37, and 48 (red frame). *Significant decrease of cell viability compared to control DMSO P < 0.05.

(5 pM) (—26%, n= 20) and higher doses (40 pM) (—45%,
n= 18). At low doses, efficacy was significantly higher in
cluster 2 (=32%, n=§; cluster 1: —21%, n = 6), while high
doses were slightly more effective in cluster 1 and metastatic
PPGLs (—=50%, n =5 and —53%, n = 5; cluster 2: 46%, n=8;
Fig. 10D). The highest efficacy was found in SDHB-mutant
PPGLs (—64%, n= 3). In MPC spheroids, we found an
approximately 1.5-fold decrease of spheroid diameter 10
days after treatment with high-dose zoledronic acid and
no regrowth, but no significant difference between Sdhb
knockdown and control cells (Fig. 10E and F).

Estrogen In order to assess the reason for potential sex
differences with regards to PPGL growth, we investigated
estrogen in primary cultures. High-dose (10 pM) estradiol
led to a significantly stronger cell viability reduction in
cluster 2-related (—28%, n =5), compared to cluster 1-related
tumors (—16%, n = 4) and low-dose (1 pM) estradiol led to

a slightly higher effect in cluster 2 (—12%, n = 5), compared
to cluster 1 (—4%, n =4).

Validation of primary culture data in MPC cells

In order to evaluate the effects of longer treatment times
on tumor cell (re-)growth, we also performed MPC cell
line experiments applying gemcitabine, cabozantinib/
everolimus, alpelisib/trametinib, alpelisib/everolimus,
and zoledronic acid with extended treatment times over
14 days (change of medium and drug treatment every 3
days; Supplementary Fig. 4). After long-term treatment (6,
10, and 14 days) with gemcitabine (30 pM), cabozantinib
(5 pM), cabozantinib (5 pM)/everolimus (10 nM), alpelisib
(5 pM), trametinib (1 pM), alpelisib (2.5 pM)/trametinib
(1 pM), or alpelisib (5 pM)/everolimus (10 nM), almost
no surviving MPC cells and no tumor cell regrowth were
observed. For high-dose zoledronic acid (40 pM), there was
also a strong significant cell viability reduction (to 15.5%)
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Three dimensional PPGL primary cultures (n = 4). Significant decrease of cell viability compared to the control was achieved by PI3K inhibitor alpelisib

(n =4) and RET inhibitor selpercatinib (n = 3) monotherapies, but mTORC1 inhibitor everolimus monotherapy significantly decreased cell viability in only
1/4 3D primary cultures (patient 30). Alpelisib/everolimus combination therapy led to a highly significant decrease of cell viability in 3/4 3D primary
cultures - one cluster 1-related (VHL-mutant), one cluster 2-related (TMEM127-mutant), and one metastatic (ATRX-mutant). Significant decrease of cell
viability compared to the untreated control: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

and no regrowth; however, there was no efficacy of low
dose zoledronic acid (5 pM).

Discussion

There is a considerable clinical need for novel more optimal
therapeutic strategies for metastatic PPGLs (Nolting
et al. 2022). Given the lack of available human PPGL cell
line models, we have established a method for multiple
drug testing in patient-derived PPGL primary cultures
(Fankhauser et al. 2019), which we have now expanded to
a larger number of 33 PPGL primary cultures, including
several metastatic tumors. This enables us for the first time
to assess cluster-specific drug responsivities.

Consistent with other studies (Burnichon et al. 2011,
Yao et al. 2011, 2016, Luchetti et al. 2015, Fishbein et al.
2017, Gieldon et al. 2019, Jiang et al. 2020), we could
identify driver mutations in 79% of cases. Noradrenergic
phenotypes correlated with cluster 1 mutations and
adrenergic phenotypes with cluster 2 mutations, with only
a few exceptions.

Kinase signaling inhibitors

Surprisingly, kinase signaling inhibitors - expected to be
more effective in cluster 2-related tumors - showed similar

efficacy in both clusters (sunitinib, everolimus, alpelisib,
trametinib, and GSK3 inhibitor AR-A014418) or even
stronger efficacy in cluster 1-related PPGLs (cabozantinib
and selpercatinib).

We found strong efficacy of targeted combination
treatments (cabozantinib/everolimus, alpelisib/
everolimus, alpelisib/trametinib) in both clusters, with a
slightly but significantly better responsivity of cluster 2
(cabozantinib/everolimus, alpelisib/trametinib), compared
to cluster 1. Cabozantinib/everolimus was the most effective
combination therapy with overall synergistic effects.
Everolimus aloneleads to development of resistance after less
than oneyear in NET patients (Yao et al. 2011, 2016) - possibly
amongst others through c-MET activation (Aristizabal Prada
et al. 2018, Van den Bossche et al. 2020). The combination
of everolimus with the c-MET inhibitor cabozantinib might
therefore overcome everolimus resistance.

The second most effective combination alpelisib/
trametinib showed overall synergistic effects, most likely
due to an alpelisib-mediated attenuation of trametinib-
induced AKT activation and simultaneous trametinib-
mediated ERK inhibition. However, similar to everolimus/
trametinib combination treatment (Tolcher et al. 2015),
alpelisib/trametinib may lead to increased toxicity in
patients through the inhibition of two essential signaling
pathways.
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Seventy-two-hour cell viability assay, 24-h Western blot analysis and Western blot quantification after treatment with the PI3K inhibitor alpelisib and the MEK
inhibitor trametinib. (A) Patients with the same mutation are represented by the same color. Significant decrease of cell viability by alpelisib (n =31),
trametinib (n = 25) and the combination of alpelisib and trametinib (n = 18) compared to control DMSO *P < 0.05. Alpelisib/trametinib combination showed
an overall synergistic effect in clinically relevant doses. (B) Representative western blot of metastatic PCC patient 27: Alpelisib/trametinib combination
therapy led to an attenuation of trametinib-induced AKT activation. Trametinib and the alpelisib/trametinib combination also inhibited ERK and strongly
activated MEK. (C) Western blot quantification of phosphorylated AKT, ERK, and MEK of primary cultures tested with trametinib and alpelisib (n = 2).

Nevertheless, combination treatment with sunitinib
and the mTORC1 inhibitor rapamycin was clinically well
tolerated and effective at low doses (Ayala-Ramirez et al.
2012, Waqar et al. 2013). Consistent with our previously
published data (Fankhauser et al. 2019, Helm et al. 2022),
alpelisib/everolimus treatment showed strong efficacy
with synergism in cluster 2 through dual inhibition of
PI3K/AKT and mTORC1 pathways.

However, not all of the drugs/drug combinations
targeting kinase signaling pathways were effective. While
trametinib/dabrafenib combination therapy is approved
for the treatment of BRAF-mutant melanoma and non-
small cell lung cancer (Planchard et al. 2016, Long et al.
2017), it showed no beneficial effects in PPGL primary
cultures. Dabrafenib alone even led to a promotion of
tumor growth, possibly via a paradoxical ERK activation
(Del Curatolo et al. 2018).

There are only a few published clinical studies on
molecular-targeted therapies (sunitinib, cabozantinib,
everolimus) in PPGLs, with none of them distinguishing
between the different molecular clusters. For sunitinib,

a prospective clinical trial in PPGLs (n= 25) reported a
response rate of 13% and a disease control rate (DCR) of
83% over 3 months (DCR 61% over 6 months); all patients
with SDHx-related disease showed a partial response or
stable disease (O’Kane et al. 2019). One retrospective clinical
trial (n= 17) described a partial response to sunitinib in
21% and a DCR of 57% over 6 months; 62.5% (5/8) of cases
with stable disease or partial response were SDHB mutation
carriers (Ayala-Ramirez et al. 2012). The results of the first
randomized placebo-controlled clinical trial (FIRST-MAPPP)
(n =78) wererecently presented at the ESMO conference and
suggested that sunitinib is significantly superior to placebo
(Baudin et al. 2021). Whether patients with SDHB-mutant
tumors are the best candidates for sunitinib, as suggested by
a small number of SDHB-related PPGL primary cultures (n =
3), is not yet known from the FIRST-MAPPP study but was
also indicated by the above-mentioned small series.

For cabozantinib, an abstract of the preliminary results
of a prospective clinical trial (n = 10) demonstrated a DCR
0of 90% (all minor or partial response) over 3 months (DCR
70% over 6 months, DCR 30% over 12 months) (PFS 11.1
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Figure 9

Seventy-two-hour cell viability assays and 24-h Western blots of the RAF inhibitor dabrafenib, the MEK inhibitor trametinib and the RET inhibitor
selpercatinib. (A) Patients with the same mutation are represented by the same color. Dabrafenib in combination with trametinib had opposite effects on
cell viability (n = 17): While trametinib significantly decreased cell viability (n = 25), dabrafenib significantly promoted PPGL primary culture survival (n =
20). Selpercatinib also significantly decreased cell viability in concentrations of 120 uM (n = 22). *Significant decrease of cell viability compared to control
DMSO P < 0.05, *significant increase of cell viability compared to control DMSO P < 0.05. (B) Representative Western blots of PCC patient 18 and
abdominal PGL patient 21: While trametinib strongly inhibited ERK and effectively decreased tumor cell survival, dabrafenib induced paradoxical ERK
activations in most PPGL primary cultures which may explain its lack of efficacy and its beneficial effect on tumor survival. Selpercatinib inhibited ERK in
the primary culture of patient 18 with a high-risk RET mutation but not in the primary culture of patient 21.
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months). All SDHB-mutant patients (n = 5) showed minor/
partial responses (Jimenez et al. 2017). This is consistent
with the primary culture data with better responsivity to
cabozantinib (viability reduction by 39%) compared to
sunitinib (viability reduction by 15%), and significantly
stronger responsivity of cluster 1-related, compared to
cluster 2-related tumors, with the best responsivity in
SDHB-related tumors. It is worth mentioning that the
anti-angiogenic properties of sunitinib and cabozantinib
are part of their efficacy in vivo but clearly cannot be
investigated in our primary culture model.

The low to moderate responsivity of human primary
cultures (viability reduction by 28%) to everolimus seems
somewhat more promising, compared to response rates
of 0% published in one prospective and one retrospective
study (n =7, DCR 71% and n = 4, DCR 25%, respectively)
(Druce et al. 2009, Oh et al. 2012).

The selective RET inhibitor selpercatinib has shown
promising effects in a phase I/II clinical study in RET-
mutant medullary thyroid carcinoma (LIBRETTO-001,
NCTO03157128 (Wirth et al. 2020)). Interestingly,
selpercatinib showed poor efficacy in RET-related PPGL
primary cultures and even significantly stronger efficacy in
cluster 1 than in cluster 2. Since the sub-groups of tumor
samples with the same mutation only contain small
numbers (Table 2), there are not enough data to draw a
valid conclusion for each specific mutation. For instance,
we only treated three tumors with RET mutations with
selpercatinib, one of which was a VUS of RET. Therefore,
our data are not strong enough to interrogate the selective
efficacy of selpercatinib. Additionally, it is important to
mention that in a clinical setting, the efficacy of a drug
represents growth inhibition as well as tumor cell death.
However, in our primary culture model, neither pure
growth inhibition, due to low PPGL cell growth rates and
short treatment intervals (72 h), nor microenvironmental
effects, including vascularization (see above), are assessable.

Chemotherapeutics, HIF-2a inhibitors, and
other drugs

Apart from AR-A014418 (see above), which is not yet in
clinical use, gemcitabine and high-dose zoledronic acid
were the most effective single agents in both clusters, with
the best responsivity of cluster 1 SDHB-related tumors.
5-FU, with significantly stronger efficacy in cluster 1, may
also be an interesting therapy option for cluster 1 tumors.
The literature on chemotherapeutic treatment of
PPGL other than CVD is still scarce. Consistent with our
data, case reports of metastatic PPGL patients treated with

gemcitabine (Pipas & Krywicki 2000, Mora et al. 2009,
Costello et al. 2014) and 5-FU (Bukowski & Vidt 1984,
Srimuninnimit & Wampler 1991) showed good therapy
responses.

The good responsivity of the primary cultures to
zoledronic acid, clinically used for the treatment of bone
metastases, is consistent with a significant cancer risk
reduction to 67% in osteopenic postmenopausal women
treated with zoledronic acid, compared to placebo (Reid
et al. 2020) and a reported inhibition of cancer cell
proliferation by zoledronic acid (Wang et al. 2020).

Poorly effective agents in PPGL primary cultures
included temozolomide, HIF-2a inhibitors, octreotide,
and estrogen (moderate efficacy only at supraphysiological
doses). As mentioned above, drug responsivity of PPGL
primary cultures rather represents tumor cell death
(partial response in vivo), but this neither measures disease
stabilization, an important parameter of drug efficacy in
vivo, nor the effects on the microenvironment. This may
result in discrepancies between the primary culture and in
vivo data.

In contrast to the primary culture data, a retrospective
study investigating temozolomide treatment in 15 PPGL
patients showed a high DCR of 80% (Hadoux et al. 2014).
However, indirect antitumoral effects of temozolomide
on the immune system (Di lanni ef al. 2021) or the
gut microbiota (Li et al. 2021) have been discussed in
glioblastoma patients/glioma cells, which are not reflected
in our model. It has been shown that temozolomide
in combination with PARP inhibitors may be a novel
therapeutic approach in SDHB-mutant PPGLs (Pang
et al. 2018). A clinical phase II study on PARP inhibitor
olaparib plus temozolomide (NCT04394858) is recruiting.
We confirmed a synergistic effect of the PARP inhibitor
niraparib together with temozolomide in the primary
cultures with highest efficacy in SDHB-related tumors.

With regards to HIF-2a inhibitors, a phase II study
on VHL-associated renal cell carcinoma (RCC) treated
with HIF-2a inhibitor belzutifan has shown promising
preliminary results (Jonasch et al. 2021) resulting in FDA
approval of belzutifan in patients with VHL-related disease
(Deeks 2021). A clinical phase Il trial on advanced PPGLs and
pancreatic NETs (MK-6482-015, NCT04924075) is ongoing.
However, consistent with our data, other preclinical studies
have shown a lack of efficacy of HIF-2a inhibitors in HIF2A-
related PPGLs (Bechmann et al. 2020) and VHL-mutant RCC
cell lines due to the appearance of resistance (Courtney et al.
2020, Bechmann & Eisenhofer 2021).

While the somatostatin analogs
lanreotide are well established growth inhibitory agents

octreotide and
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in the treatment algorithms of NET patients (Pavel et al.
2020, Rinke et al. 2021), the preclinical in vitro data could
not demonstrate significant growth inhibition in NET cells
(Exner et al. 2018, Herrera-Martinez et al. 2019). Similarly, we
observed no significant effect of octreotide on PPGL primary
cultures. However, strong SSTR2 expression in the molecular
analysis of some primary cultures indicates the potential
importance of SSTR2-guided treatment depending on SSTR2
expression. Only a few case reports of somatostatin analogs
in PPGL patients have been published (Tonyukuk et al. 2003,
van Hulsteijn et al. 2013, Tena et al. 2018, Jha et al. 2020)
and data are still lacking (Patel et al. 2021), but one phase II
study investigating lanreotide in PPGL patients is currently
recruiting (LAMPARA, NCT03946527).

The modest cell viability reductions in primary
cultures observed during incubation with estrogen might
contribute to gender-specific effects since female sex has
been demonstrated to be a positive prognostic predictor in
metastatic PPGL (Zheng et al. 2021).

The most important limitations of our primary
culture model, such as the absent representation of
the microenvironment and growth inhibition (disease
stabilization), may be overcome by 3D organoid models
but only in vivo models will also allow evaluation of drug
toxicity.

Conclusions

We have identified several effective drugs and especially
synergistic drug combinations following evaluation in
human PPGL primary cultures. Interestingly, we only
found minor differences in drug efficacy between cluster
1- and cluster 2-related tumors. Higher efficacy of some
single anti-cancer agents (cabozantinib, selpercatinib,
5-FU) was shown in the more aggressive cluster 1-related,
including SDHB-related, tumors. This may be due to the
more aggressive behavior and more rapid cell growth
of these tumors, making the cells more prone to drug
interventions. Some targeted combination treatments and
the re-purposed agents low-dose zoledronic acid and high-
dose estrogen were more effective in cluster 2. We are aware
that the human primary culture data may not be directly
transferrable to drug responsivity in vivo, but studies are
now needed to correlate and compare in vitro and in vivo
data.
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Abstract

The mechanistic target of rapamycin complex 1 (mTORC1) inhibitor everolimus is one of the few approved therapies
for locally advanced and metastatic neuroendocrine tumours (NETs). However, after initial disease stabilisation,
most patients develop resistance within 1 year. Our aim was to overcome resistance to everolimus by additional
treatment with the PI3K-alpha inhibitor alpelisib in an everolimus-resistant orthotopic pancreatic neuroendocrine
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carcinoma xenograft mouse model. Female SCID mice underwent laparoscopic pancreatic transplantation of
everolimus-sensitive (BON1KDMSO) or everolimus-resistant (BON1RR2) NET cells. Both groups were further divided
into four treatment groups: placebo, everolimus, alpelisib, and everolimus + alpelisib (combination). Oral treatment
was started at a tumour volume of approximately 140 mm3 and continued until 1900-2000 mm3, validated by weekly
MRI. Somatostatin receptor expression and tumour viability were analysed by ¢8Ga-DOTATOC and '8F-FDG PET/CT.
Everolimus resistance of the BONTRR2 tumours was confirmed. In the everolimus-sensitive group, everolimus
alone, alpelisib alone, and combination treatment significantly prolonged survival, compared to placebo, while in
the BON1RR2 group, only combination treatment significantly prolonged survival compared to placebo, but neither
everolimus nor alpelisib alone. Placebo-treated everolimus-sensitive tumours grew more rapidly (median survival 45
days), compared to placebo-treated everolimus-resistant tumours (60 days). Within the everolimus-sensitive group,
the combination-treated mice showed the longest median survival (52 days). Of all groups, the everolimus-resistant
combination-treated group survived longest (69 days). Combination treatment with everolimus and alpelisib

seems promising to overcome everolimus resistance in neuroendocrine neoplasms, and should be further examined

in a clinical trial.

Keywords alpelisib; everolimus; pancreatic NEC; pancreatic NET; everolimus resistance

Introduction

The annual incidence of all neuroendocrine tumours
(NETs) is currently 8.6/100,000 and is continuously
increasing (White et al. 2022). A previously published
review describes the global differences in the incidence
of NETs (Das & Dasari 2021). Pancreatic NETs (panNETSs)
are a subgroup of NETs that are often indolent and
characterised by early lymph node and liver metastases,
with 40-45% of patients showing liver metastases at
initial diagnosis (Frilling et al. 2014). Surgery is the only
curative treatment option in patients with localised
panNETs. For locally advanced or metastatic disease,
there are only few approved systemic treatment options,
including biotherapy (somatostatin analogues, approved
as anti-proliferative therapy only for a low proliferation
index Ki-67 <10%) (Rinke et al. 2009, Caplin et al. 2014),
molecularly targeted therapy (everolimus (Yao et al. 2011,
2016), sunitinib (Raymond et al. 2011)), chemotherapy
with streptozotocin/5-fluorouracil (Pavel et al. 2020),
and peptide (somatostatin) receptor radionuclide
therapy (PRRT) (Strosberg et al. 2021). Chemotherapy
schemes with capecitabine/temozolomide are also part
of the guideline recommendations. The 10-year survival
of panNETs is only approximately 44%, while 5-year
survival post surgery is approximately 65% (de Wilde
etal 2012).

Everolimus, a mechanistic target of rapamycin complex
1 (mTORC1) inhibitor, is an approved systemic therapy
option for locally advanced and metastatic panNETs
(Yao et al. 2011, 2016), while in neuroendocrine
carcinomas (NECs) small studies have reported only
modest activity of everolimus (Panzuto et al. 2017,
Okuyama et al. 2020). According to the latest World
Health Organisation (WHO) classification (Rindi et al.
2022) NECs fall under the class of poorly differentiated
neuroendocrine neoplasms which are characterised

by abundant necrosis, a high Ki-67, small or large
cell morphology and low expression of somatostatin
receptors (SSTR), which makes them less suitable
for PRRT.

After initial disease stabilisation, most patients develop
resistance to everolimus within 1 year of treatment
(Yao et al 2011, 2016). Reversible adaptive short-
term resistance mechanisms (after 24-72 h treatment
with everolimus) include compensatory protein
kinase B (Akt) pathway activation through different
insulin-dependent feedback loops (Zitzmann et al
2010, Passacantilli et al. 2014, Vandamme et al. 2016).
Irreversible long-term resistance has been much
less studied. Thus, we have previously established
two stable everolimus-resistant human pancreatic NET
cell lines, BON1RR1 and BON1RR2, in order to investigate
the mechanisms of stable long-term everolimus
resistance (Aristizabal Prada et al 2018): after 24
weeks of permanent treatment with 10 nM everolimus,
BON1RR1 and BON1RR2 cells showed stable resistance
to everolimus. The control cell line (BON1KDMSO)
showed continuing sensitivity to 10 nM everolimus
(Aristizabal Prada et al. 2018). The resistant cell lines
did not regain sensitivity over time and maintained
persistent stable resistance after a drug holiday of 13
weeks (13 weeks without everolimus treatment). In
contrast to other previously developed everolimus-
resistant NET cell lines, which were not proven to be
stably resistant (Passacantilli et al. 2014, Vandamme
et al. 2016, Sciammarella et al. 2020, Vitali et al. 2020),
our everolimus-resistant cell line model is the first
one that is suitable to generate a clinically relevant
everolimus-resistant orthotopic pancreatic xenograft
tumour mouse model to study stable resistance to
everolimus in vivo.
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Our group has previously shown in vitro that in
long-term resistance to everolimus there is increased
activation of glycogen synthase kinase3 (GSK3, an
effector protein in the PI3K-Akt signalling pathway) in
combination with decreased baseline insulin receptor
substrate-1 (IRS-1) protein levels, G1 cell cycle arrest,
and decreased autophagy (Aristizabal Prada et al. 2018).
Moreover, we have shown in various NET cell lines
that PI3K-alpha inhibitor alpelisib (BYL719) was able to
overcome everolimus resistance in vitro, and also led
to GSK3 inhibition and upregulation of somatostatin
receptor (SSTR2) expression (Nolting et al 2017,
Aristizabal Prada et al. 2018).

We have therefore now transferred our everolimus-
resistant cell line (Aristizabal Prada et al 2018)
to an orthotopic pancreatic NEC xenograft mouse
model. The aim of this current study was to further
characterise this first-ever developed everolimus-
resistant orthotopic pancreatic NEC xenograft mouse
model, and to investigate in vivo whether the PI3K-
alpha inhibitor alpelisib (already FDA-approved
for the treatment of breast cancer) may overcome
resistance to everolimus, and lead to upregulation
of PRRT-relevant SSTR2 expression. In addition, we
checked for potential treatment-induced nephrotoxic
effects and early tumour-induced kidney damage in
our animal model. Treatment-induced nephrotoxic
effects have been reported in many oncological
treatment regimens, e.g. proteinuria and renal failure
with everolimus treatment (Launay-Vacher et al. 2015)
and one case of grade 3 acute kidney injury after
combination treatment with alpelisib, everolimus, and
exemestane in a phase 1b study (Curigliano et al. 2021).
Moreover, in order to find out how increased GSK3
activation in the resistant tumour cells may contribute
to everolimus resistance, and whether mitochondrial
respiration and aerobic glycolysis might be involved,
we also selectively inhibited GSK3 in BON1KDMSO
and BONI1RR2 cells and evaluated the oxygen
consumption rates and extracellular acidification
rates after selective GSK3 inhibition.

Materials and methods

Cell culture

Human everolimus-sensitive =~ BON1KDMSO and
everolimus-resistant BON1RR2 undifferentiated
pancreatic NET cell lines (Aristizabal Prada et al
2018) (histologically, NEC cell lines) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco®,
ThermoFisher, Berlin Germany) with 10% fetal calf
serum (FCS, Sigma-Aldrich), 0.01% penicillin (Biochrom,
Berlin Germany), 0.01% streptomycin (Biochrom,
Berlin, Germany), and 0.04% amphotericin (Biochrom,
Berlin, Germany), at a humidified temperature of 37°C
with 5% CO,. Everolimus resistance in BON1RR2 cells
was maintained with the continuous administration

Endocrine-Related Cancer (2024) 31 e230041
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of 10 nM everolimus (Novartis Pharma) during
cell culture to ensure stability of resistance during
the whole in vivo experiment over several weeks,
although it has previously been shown that the
BON1RR2 cell line shows stable resistance even after
a drug holiday of 13 weeks (Aristizabal Prada et al.
2018). Cells were transferred to antibiotic- and anti-
fungal-free medium and everolimus administration
was discontinued 48 h before tumour cell inoculation
into the pancreas of each mouse to reduce their
influence on tumour growth in the animal. All cell
lines used in the study were authenticated twice by the
German Biological Centre DSMZ (DSMZ, Braunschweig,
Germany) using short tandem repeat (STR) analysis.

Animals and surgery

The study protocol was approved by our local committee
for animal care Landesamt for Gesundheit and
Sociales (LAGeSo G0177/18) according to the German
law for the protection of animals. All applicable
institutional and national guidelines for the care and
use of animals were followed. All procedures were
conducted in 74 female ‘severe combined immune
deficient’ (SCID) mice. Animals were housed at the
Berlin Experimental Radionuclide Imaging Center
(BERIC) with a 12-h light-12-h darkness circadian
rhythm. The husbandry conditions have been described
in detail previously (Beindorff et al. 2018). Animals
received a standard diet (SSNIFF®, Soest, Germany)
and were additionally supplied with wet food and rusk
following surgery.

Mice were operated when they weighed at least
20 g. Laparotomy was performed transplanting
BON1KDMSO cells in 38 animals and BON1RR2 in 36
animals. Mice were anaesthetised using isoflurane

(1.5-3%, CP-Pharma, Burgdorf, Germany) and
intraperitoneal Kketamine (60 mg/kg, CP-Pharma,
Burgdorf, Germany). For additional analgesia,

subcutaneous metamizole (200 mg/kg, Ratiopharm,
Ulm, Germany) and carprofen (5 mg/kg, CP-Pharma,
Burgdorf, Germany) were injected. Cells (2 x 106
cells) were mixed in 20 yL of pure DMEM media and
injected orthotopically into the pancreas using a
microscope (M125, Leica Microsystems). Following
cell injection, the site of injection was disinfected with
an antiseptic solution (SERASEPT®, Serag-Wiessner,
Naila, Germany) in order to prevent any leakage of cells
into the abdominal cavity. Analgesic medication with
carprofen was performed for 24 h, and metamizole
was added to the drinking water (1.25 mg/mL) for 72
h after surgery. Body weight was monitored daily
after surgery for 1 week, and then, from treatment
initiation, the animals were weighed every day
on weekdays (from Monday to Friday) before oral
gavage. For statistical calculations, body weight
measurements performed at TO (wWhen an animal of the
respective cell line was expected to have a minimum
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tumour size of approximately 60 mms3), T1 (28 days after
treatment initiation), and T2 (tumour size of almost
2000 mm3 or 20 weeks after surgery) were used.

Oral therapy

Animals of both cell lines were divided into four
treatment groups: BON1KDMSO animals with placebo
(n=10), everolimus (n=10), alpelisib (n=8), and the
combination of everolimus and alpelisib (n=10); and
BON1RR2 animals with placebo (n=10), everolimus
(n=8), alpelisib (n=8), and combination of everolimus
and alpelisib (n=10).

Oral administration of the drugs was started at a
minimum tumour size of approximately 140 mm3 and
continued until the tumour reached a size of 1900-2000
mm3, which was validated by magnetic resonance
(MR) imaging, or when other termination criteria
(maximum of 140 days after surgery or critical health
status) were reached. Minimally invasive body weight-
adjusted oral drug administration was performed
directly into the oral cavity by a pipette on weekdays
from Monday to Friday.

The monotherapy concentrations were 0.5 mg/kg body
weight for everolimus (corresponding to a standard
dose of 10 mg everolimus in humans with an average
weight of 60 kg, Novartis Pharma) and 60 mg/kg body
weight for alpelisib (corresponding to a standard dose
of 300 mg alpelisib in humans with an average weight
of 60 kg, Novartis Pharma). The combination treatment
contained 0.5 mg/kg body weight of everolimus and 63
mg/kg body weight of alpelisib. Stock solutions were
dissolved in dimethyl sulfoxide (167 pL DMSO per
amount of drug for 1 kg body weight, Sigma-Aldrich).
Aliquots were frozen at -80°C and diluted in corn oil
(3167 pL per amount of drug for 1 kg body weight,
Sigma-Aldrich) immediately before oral treatment. This
results in a total volume of 3334 pL per amount of drug
for 1 kg body weight, which corresponds to an oral drug
volume of 100 pL for a 30 g mouse. The placebo treatment
was composed of the same concentrations of DMSO and
corn oil, and the same total volume.

Magnetic resonance imaging and imaging
time points

Magnetic resonance (MR) imaging (3T MRI, MRS 3047,
MR Solutions, Guildford, UK) was performed in a
heated bed maintained at 32°C accounting for the
additional heating generated in the coil. Fast T2 spin
echo sequence axial acquisitions were acquired with
the following parameters: matrix 256 x 256 x 48 with
dimensions 0.2 x 0.2 x 0.1 mm, repetition time (TR):
3000-5000 ms with 4 averages. Animals were imaged at
18-25 days post surgery and thereafter every 12 weeks.

Baseline imaging (T0) was defined as the time when an
animal of the respective cell line was expected to have
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a minimum tumour size of approximately 60 mm3.
After MR baseline imaging (T0), radionuclide imaging
was performed. Immediately after first radionuclide
imaging, oral treatment was started for each group
(at that time point the minimum tumour size was
approximately 140 mm3) and continued until a
termination criterion was reached. Time point T1 was
defined by the first animal reaching a tumour size of
1600 mm3. A placebo-treated BON1KDMSO animal
was the first to reach this tumour size 28 days after
treatment initiation. Therefore, T1 was chosen as the
time point of 4 weeks after the start of therapy for
each animal, regardless of tumour size and cell line,
and radionuclide imaging was performed again at that
time point. The final time point was defined as T2 for
each individual animal, when either a tumour size of
almost 2000 mm? or 140 days (20 weeks) after surgery
were reached. Tumour volume was determined by
the cumulative volume of the primary tumour and
metastases if visible.

PET/CT for imaging tumour viability and
receptor expression

Radionuclide imaging with positron emission
tomography/computed tomography (PET/CT) was
performed in a heated mouse bed at 37°C (nanoPET/
CT plus, Mediso, Budapest, Hungary) at time points TO,
T1 and T2. Tumour viability was assessed by injection
of 18F-FDG (Life Radiopharma, f-con, Holzhausen,
Germany) after a 3-h fasting period, and blood glucose
was measured before injection. SSTR tumour expression
was validated after injection of 68Ga-DOTATOC (Jussing
et al 2021). Tracer injection of approximately 18
MBq of each tracer in a maximum volume of 100 pL
was applied into the tail vein, and PET imaging was
performed under isoflurane anaesthesia (1.5-2.0%).
After an incubation period of approximately 55 min, a
30 min PET was performed, followed by a CT at 45 kVp,
240 projections, 500 ms, 1 pitch, and a binning ratio
of 1:4. PET/CT images were reconstructed using the
ordered subset expectation maximisation (OSEM)
algorithm with 8 iterations and 6 subsets, including
attenuation and random corrections.

Image analysis was performed using PMOD 3.5 (PMOD
Technologies Ltd., Zurich, Switzerland).

Tumour size (MR imaging), tumour viability (*8F-FDG-
PET), and SSTR receptor expression (4Ga-DOTATOC-PET)
were quantified by manual contouring of a volume of
interest (VOI) over the tumour using the standard uptake
value (SUV ., 1,) based on the 10 voxels with the highest
activity within the VOIL.

Renal scintigraphy

To monitor potential treatment effects on renal function,
renal semi-stationary single photon emission computed
tomography/computed tomography (SPECT/CT) was
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performed with approximately 29 MBq %mtechnetium-
mercaptoacetyltriglycine (99mTc-MAG3) (NanoSPECT/CT,
Mediso, Budapest, Hungary/Bioscan, Paris, France), as
recently described in detail (Huang et al. 2018). Animals
were placed in the scanner, with each detector equipped
with a nine-pinhole aperture (rat high resolution,
d=1.5 mm) with a 22 mm SPECT scan range. Renal
scintigraphy was performed first at TO. To assess
treatment effects, renal scintigraphy was repeated 4
weeks after the start of treatment at T1. Each renal
time activity curve was obtained by plotting the
absolute activity values for each kidney VOI against
time (PMOD Technologies Ltd., Zurich, Switzerland).
Renal time-to-peak (T,.), Ts; (50% clearance), and
T,s (75% clearance) as well as aorta blood excretion
half-life (aorta 50% clearance) were used for
statistical analysis.

Histology

Sixty-nine tumours were collected in 4% buffered
formalin for 48 h and then preserved in 0.1% sodium
azide—phosphate buffer solution (PBS).

Tumour size was measured as maximum diameter
and formalin-fixed, paraffin-embedded tissue was
cut (3 uym) and mounted on SuperFrost™ slides

(ThermoFisher Scientific). Conventional staining
with  haematoxylin-eosin (HE) was performed
on all slides to evaluate tumour morphology

and necrosis.

For immunohistochemistry, the slides were stained
with primary antibodies directed against human
Ki-67 and SSTR2. Slides were processed using the
following Ventana protocols: Benchmark discovery
platform (Ventana Medical Systems, Inc., Tucson, AZ,
USA); Ki-67: SP-6, monoclonal (Cell Marque life screen,
Hamburg, Germany), dilution 1:100, pre-treatment
H2 Epitope Retrieval Solution 2 (ER2) 30 min (Leica
Biosystems), incubation for 60 min, visualisation
immunohistochemistry refine 3,3'-diaminobenzidine
(DAB); SSTR2A: Polyclonal (Zytomed systems, Berlin,
Germany), dilution 1:25, pre-treatment H2 80 min,
incubation for 30 min, visualisation OptiView DAB
Kit. Ki-67 scoring was performed as fraction (%)
of nuclear stained cells/by the total of vital
tumour cells. SSTR2 was evaluated as positive
in fraction (%) of «cells with membranous
staining/by the total of vital tumour cells. In
detail, quantification of SSTR2 expression was
performed as follows: only membranous reactivity
of vital tumour cells irrespective of cytoplasmatic
staining was counted as positive. The percentages
of membranous positivity were scored in absolute
numbers (Volante score 3: >50% positive cells,
Volante score 2: <50% positive cells, Volante score
1: only cytoplasmatic positivity, Volante score 0: no
immunoreactivity). The slides were digitalised using
a Nano Zoomer C9600 Virtual Slide Light microscope
scanner by Hamamatsu and NDP View Software.

Endocrine-Related Cancer (2024) 31 e230041
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XF real-time ATP rate assay experiments
(measurement of oxygen consumption rate
and extracellular acidification rate)

For quantification of real-time adenosine triphosphate
(ATP) production, single-cell suspensions from
trypsinised early passage adherent cell cultures
(BON1KDMSO and BON1RR2) were seeded into XF
Cell Culture Plates (Agilent Technologies). All the
experiments were performed three times in triplicate.
According to the manufacturer’s instructions, cells
were plated at cellular densities of 8000-10,000 cells/
well in XF pH-defined media and incubated overnight.
Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) as measures of mitochondrial
respiration and glycolysis, respectively, were monitored
as well as effects of treatment with AR-A014418
(Selleckchem, S$7435-50mg, Munich, Germany) (20
uM) on OCR and ECAR in both cell lines. Oligomycin,
rotenon, and antimycin A were sequentially injected
according to the manufacturer’s instructions.
Experiments were run on an XF HS Mini Analyzer
(Agilent Technologies) and data analysis was
performed with the Seahorse Wave 2.4 software.

Statistical analysis

Statistical analysis was conducted with Statistical
Package for the Social Sciences Statistics (SPSS)
software, version 28.0. Tumour growth kinetics and
renal scintigraphy were analysed with R 3.1.3 (the R
Foundation for Statistical Computing). Linear regression
analysis was performed and median tumour volume
and day were used to generate tumour growth curves.
Body weight loss measurements were calculated based
on the three intervention time points at T0, T1, and T2.

Descriptive parameters are represented by median
(interquartile range (IQR, 25th-75th percentile),
minimum and maximum). Differences between
treatment groups within the everolimus-resistant
and non-resistant group, respectively, and between
everolimus-resistant and non-resistant tumours were
analysed using non-parametric Mann-Whitney U (MWU)
and Kruskal-Wallis test while intra-treatment group
differences (TO, T1, T2 within a treatment group under
each cell line) were tested with Wilcoxon and ANOVA. A
Student’s t-test was used for groups with smaller sample
size. Cumulative survival curves were generated using
Kaplan-Meier analysis based on T2 time points. P < 0.05
was considered as significant and P < 0.1 as a trend.

Results

Model characterisation, tumour growth
kinetics, and survival analysis

Evaluation of the T2-weighted MR images showed
vital tumour tissue in all animals at all three time
points, regardless of cell line and treatment, but also
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The images show a BON1RR2 animal on combination treatment (everolimus + alpelisib). The tumour is outlined with a yellow volume of interest (VOI).
Over time, MRI clearly shows an increase of hypointense ‘dark areas’ corresponding to necrosis with total tumour volumes at TO of 43 mm3, T1 225 mms,
and T2 1635 mm3. MRI, ¢8Ga-DOTATOC- and '8F-FDG-PET were performed on different days at the respective time points TO (before treatment start,
minimum tumour size of approximately 60 mm3), T1 (4 weeks after treatment start) and T2 (final time point, when termination criteria were reached).
Therefore, the size and location of the tumour layers are not identical. $Ga-DOTATOC uptake (SUV): T0O=1.01, T1=1.06, T2 =0.45; '8F-FDG uptake (SUV):

T0=1.6,T1=3.2,T2=2.6.

clearly hypointense necrotic tumour tissue at T1 and
T2 to varying extents, as shown in Fig. 1. This was
confirmed by the histological findings, which
showed 30-90% tumour necrosis in 67 of 69 animals
examined. Only two animals had less than 30%
necrosis. Furthermore, all tumours were classified
as neuroendocrine carcinomas (NECs) based on a
high Ki-67 (>20%), in the majority Ki-67 >55% (mean
85 + 12.5%), and small cell morphology. Eight tumours
(BON1KDMSO (2x everolimus, 1x combination),
BON1RR2 (2x placebo, 1x everolimus, 2x combination))
were classified as mixed endocrine/exocrine
tumours comparable to the human MINEN (mixed
neuroendocrine-non-neuroendocrine neoplasm of the
pancreas) based on the diagnostic criteria for MiNEN
as defined by the WHO digestive system tumours,
fifth edition 2019 (Nagtegaal et al. 2020), comprising a
morphological exocrine component of >30% such as
gland formation and cystic features (Supplementary Fig.
1A, see section on supplementary materials given at the
end of this article). For mouse tumours, criteria were
applied based on HE slides, estimating the percentage of
gland formation within vital tumour.

There was no difference in Ki-67 values between
everolimus-sensitive and everolimus-resistant tumours

(BON1KDMSO 90% (85-90) 30-95, BON1RR2 90% (85—
90) 40-98, P=0.493). There was low histological SSTR2
expression of only 10-30% in most tumours of all
treatment groupsregardlessofthe cellline. Quantification
of SSTR2 expression based on Volante scoring
revealed 8 tumours with a Volante score 3 (>50%
of positive cells) from BON1RR2 cell line across all
treatment groups (placebo, everolimus, alpelisib,
combination) and 54 tumours with a Volante score 2
(<50% of positive cells). Seven tumours had a Volante
score 0. Figure 2A, B, and C shows an example of
HE staining (A) of a tumour with necrotic areas,
Ki-67 staining (B), and SSTR2 staining (C) from a
BON1KDMSO animal treated with combination on
day 78. Figure 2D, E, and F shows an example of HE
staining (D), highly positive Ki-67 staining (E) and
SSTR2 staining (F) with negligible SSTR2 expression of
a tumour from a combination-treated BON1RR2 animal.

The first MR imaging, performed between 18 and 25
days after surgery, showed that BON1KDMSO tumours
grew faster than BON1RR2 tumours (trend, P=0.087),
as already observed in cell culture experiments
and shown in Fig. 3. Consequently, TO with a minimum
target tumour size of 60 mm3 before the first
radionuclide imaging and start of oral treatment
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occurred earlier in BON1KDMSO at day 18-28 (56 mm3
(40-79) 20-202) than in BON1RR2 animals at days 21-34
(71 mms3 (57-103) 41-216).

Kaplan-Meier survival analysis (Fig. 4) shows
that placebo-treated BON1KDMSO animals had a
significantly shorter median survival (42 days) than
placebo-treated BON1RR2 animals (53 days) (P < 0.001).
In BON1KDMSO animals, everolimus (44 days, P=0.002),
alpelisib (53 days, P < 0.001) and combination treatment
(52 days, P < 0.001) significantly increased median
survival, compared to placebo (42 days). There was
no significant difference between alpelisib and the

Endocrine-Related Cancer (2024) 31 e230041
https://doi.org/10.1530/ERC-23-0041

Figure 2

(A, D) HE staining, (B, E) highly positive Ki-67
staining, and (C, F) SSTR2 staining with negligible
SSTR2 expression of (A, B, C) BON1KDMSO and
(D, E, F) BON1RR2 combination treatment
(everolimus + alpelisib) 78 days and 132 days after
surgery, respectively.

(P=0.023) significantly prolonged survival, compared
to everolimus alone. In BON1RR2 animals, only
combination treatment significantly prolonged median
survival (69 days), compared to placebo (53 days,
P < 0.001), to everolimus (56 days, P < 0.001) and to
alpelisib (61 days, P=0.019). There was no significant
difference in survival between placebo, everolimus,
and alpelisib in BON1RR2 animals. Importantly, two of
ten combination-treated BON1RR2 animals survived
20 weeks (140 days) post surgery, and despite not
reaching a tumour size of 2000 mma3, the trial had to be
terminated according to the termination criteria

combination treatment (P=0.675). However, both  (maximum 140 days after surgery). Only one of these
alpelisib  (P=0.027) and combination treatment two animals developed metastases at 20 weeks.
A BON1KDMSO B BON1RR2
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Figure 3

Tumour growth curves generated from sequential MR imaging after inoculation of BON1KDMSO and BON1RR2 cells depicting the kinetics of different
treatment groups. Linear regression analysis was performed and data were generated with median tumour volume plotted against the median days
after surgery. The vertical solid line represents the median start of oral treatment with 24 days in BON1KDMSO and 31 days in BON1RR2 animals.
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Tumour growth was monitored by MR imaging until a termination criterion (2000 mm3 tumour size, maximum of 140 days after surgery or critical
health status) was reached. Corresponding Kaplan-Meier curves depict animal survival with (A) BON1KDMSO and (B) BON1RR2 tumours for the
respective treatment group. In the BONTKDMSO group, survival was significantly prolonged by everolimus ( =0.002), alpelisib ( <0.001), and
combination therapy ( < 0.001) compared to placebo and by alpelisib ( =0.027) and combination therapy ( =0.023) compared to everolimus. In the
BON1RR2 group, only the combination therapy significantly prolonged survival ( < 0.02) compared to placebo, everolimus, and alpelisib.

Four BON1KDMSO (1x everolimus, 2x alpelisib, 1x
combination treatment,) and five BON1RR2 animals
(2x alpelisib, 3x combination treatment) developed
metastases 58-132 days after surgery, predominantly
in the liver with only one animal having additional
peritoneal metastases. Histologically, the metastases
showed necrosis, low SSTR2 expression and high Ki-67,
similar to the primary tumour. Due to the short survival
period of the placebo-treated animals, the potential

Functional imaging: tumour somatostatin-
receptor expression and glucose (8F-FDG)
uptake (viability)

68Ga-DOTATOC uptake of the respective cell line and
treatment groups is summarised in Table 1. PET imaging
with 68Ga-DOTATOC showed no significant change

in tumour uptake during the course of treatment
in BON1KDMSO or BONI1RR2 animals within the

formation of metastases cannot be excluded in general.

Table 1

different

treatment

groups. The

overall low

68Ga-DOTATOC standard uptake values (SUV,,,,.10) based on 10 voxels with highest uptake activity within the volume-of-

interest (VOI). Each set of data includes the median, interquartile range (IQR), minimum-maximum and number of animals
of each treatment group for each cell line. Time points TO = before treatment start (minimum tumour size of approximately
60 mm3), T1 =4 weeks after treatment start, T2 =final time point, when termination criteria were reached. There are no

significant differences within any treatment group over time.

BON1KDMSO BON1RR2
T0 T1 T2 T0 T1 T2
Placebo 0.6 0.9 1.5 0.8 1.0 1.1
(0.4-0.8) (0.4-1.2) (0.6-0.9) (0.8-1.1) (0.8-1.1)
0.3-1.3 0.3-1.4 0.6-1.0 0.8-1.4 0.4-1.2
(R=6) (R=10) (R=1) (RI=10) (R=10) (R=6)
Everolimus 0.6 0.6 0.9 0.7 0.7 0.8
(0.4-0.9) (0.5-0.8) (0.5-4.9) (0.5-0.9) (0.7-1.3) (0.7-1.1)
0.3-1.6 0.4-0.8 0.3-7.4 0.4-1.0 0.5-1.6 0.5-1.7
(R=8) (R=10) (R=5) (R=8) (R=8) (R=6)
Alpelisib 0.6 0.8 0.8 0.7 0.9 0.9
(0.5-0.7) (0.6-1.1) (0.6-4.1) (0.5-0.8) (0.7-1.2) (0.7-21.9)
0.2-0.7 0.3-2.9 0.4-13.5 0.4-0.9 0.7-2.1 0.7-28.9
(R=8) (R=8) (R=6) (R=28) (R=8) (R=4)
Combination 1.2 0.8 0.7 0.9 1.1 0.8
(0.5-1.4) (0.6-0.9) (0.5-0.8) (0.7-1.5) (0.8-1.4) (0.5-1.0)
0.2-2.6 0.5-1.2 0.5-1.1 0.6-3.3 0.5-16.2 0.4-2.1
(R=10) (R=9) (R=6) (R=10) (R=10) (R=7)
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Table 2 '8F-FDG standard uptake values (SUV,,.,.,o) based on 10 voxels with highest uptake activity within the volume of interest

(VOI). Each set of data includes the median, interquartile range (IQR), minimum-maximum and number of animals of each

treatment group for each cell line. Time points TO = before treatment start (minimum tumour size of approximately 60 mm3),

T1=4 weeks after treatment start, T2 =final time point, when termination criteria were reached.

BON1KDMSO BON1RR2
TO T T2 TO T T2
Placebo 3.1 5.0 3.4 3.5a 4.6 4.3
(2.9-3.4) (4.4-5.5) (2.3-3.9) (3.7-5.4) (3.6-4.9)
2.5-4.1 3.5-9.3 1.8-4.0 3.0-5.9 3.2-5.0
(I =6) (I =9 (=1 (I =10) (/ =10) (I =6)
Everolimus 3.5 3.9 4.4 2.4b 4.5 4.3
(2.4-3.8) (2.8-5.6) (3.1-5.3) (2.1-3.4) (4.0-5.4) (3.6-5.8)
1.4-4.0 2.3-6.0 2.5-6.1 1.4-3.4 0.5-8.2 2.9-6.2
(I =7) (I =10) (I =5) (I =8) (I =8) (I =6)
Alpelisib 3.5 3.7 2.4 2.52 4.3 2.8
(3.1-3.7) (2.7-5.3) (1.8-3.5) (2.2-3.2) (2.8-5.7) (2.0-4.0)
2.3-3.9 1.6-5.6 1.1-4.5 1.6-3.7 2.1-7.5 2.0-4.1
(I =6) (I =8) (I =6) (I =8) (I =8) (I =4)
Combination 3.1 4.4 2.7 2.4 3.9 2.8
(2.9-3.6) (2.4-5.1) (1.4-3.7) (1.5-3.4) (3.3-4.9) (2.6-4.2)
1.7-4.1 2.2-5.6 1.0-4.8 0.8-3.8 2.4-6.5 2.3-4.6

(I =10)

(=9

(I =6)

(I =10)

(=9

(=7

af <0.01 between TO and T1 within a treatment group; PE=0.051 between T0O and T1 within a treatment group.

68Ga-DOTATOC uptake is clearly demonstrated in Fig. 1.
Overall, there was no significant correlation between
in vivo %Ga-DOTATOC uptake and histological SSTR2
expression (P > 0.05).

18F-FDG uptake for assessing tumour viability is
shown in Table 2. Due to higher 8F-FDG uptake of the
tumours compared to 6Ga-DOTATOC, tumours can
be clearly delineated in the 18F-FDG-PET image and
necrotic areas can be localised, as shown in Fig. 1. In
contrast to the individual treatment groups, pooled
data at TO revealed a significantly higher 8F-FDG
uptake of BON1KDMSO (3.3 (2.9-3.7) 1.4-4.1) compared
to BON1RR2 tumours (2.5 (2.2-3.4) 0.8-4.0; P=0.025)
indicating more aggressive behaviour/faster growth of
BON1KDMSO tumours as also demonstrated by MRI.
We did not find a statistically significant difference in
18F-FDG uptake at time points T1 and T2 between pooled
BON1KDMSO and BON1RR2 animals. In BON1KDMSO
animals, 18F-FDG-PET showed no difference in uptake
between the different time points within either
treatment group. In contrast, in BON1RR2 animals,
there was a significant increase in 18F-FDG uptake from
TO to T1 for placebo (P=0.003), alpelisib (P=0.035), and
the combination treatment (P=0.006), and a trend for
higher 8F-FDG uptake for everolimus (P=0.051). No
significant changes were observed in the further course
(T2) of the respective treatment groups. Inter-treatment
significance was only found in BON1RR2 tumours at
T2, with placebo showing a higher tumour uptake
compared to alpelisib (P=0.05), while everolimus-
treated tumours showing a significantly increased
18F-FDG uptake, compared to alpelisib (P=0.041) and

the combination (P=0.047). This may reflect a higher
rate of aerobic glycolysis (Warburg effect) by increased
GSK3 activation in everolimus resistance (see ‘Oxygen
consumption rate and extracellular acidification rate
measurements’ section).

Oxygen consumption rate and extracellular
acidification rate measurements

The selective GSK3 inhibitor AR-A014418 more
strongly inhibited survival of the resistant BON1RR1/
BON1RR2 cells which show increased GSK3 activation
(Aristizabal Prada et al 2018), compared to the
sensitive BON1KDMSO cells (data not shown), indicating
a pivotal role of GSK3 in everolimus resistance.

Seahorse ATP real-time rate assays show that selective
GSK3 inhibition by AR-A01441 leads to a significant
increase in the oxygen consumption rate (OCR,
mitochondrial respiration, red line in Fig. 5) (P < 0.03)
and a significant decrease in extracellular acidification
rate (ECAR, aerobic glycolysis, Warburg effect, red
line in Fig. 5) (P < 0.03) in BON1KDMSO and BON1RR2
cells, indicating GSK3-mediated impairment of
mitochondrial respiration and increase in aerobic
glycolysis (Warburg effect) (Fig. 5).

Effects of treatment and tumour growth on
body weight and blood glucose

Regardless of cell line or treatment, animals significantly
lost weight between TO and T1 (4 weeks after the start
of treatment) (pooled BON1KDMSO TO0 19.6 g ((18.8-21.0)
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ATP Real-time rate assay results from BON1KDMSO und BON1RR2 cells after stimulation with the selective GSK3-inhibitor AR-A014418 20 uM (red line)
and without stimulation (green line). Each experiment was performed three times in triplicate. Measurement of 20 cycles was performed, followed by
three cycles of oligomycin (1.5 uM) and 3 cycles of rotenone +antimycin A (0.5 uM), consecutively. The three experiments started at different baseline
oxygen consumption rates (OCR, in pmol/min) and different baseline extracellular acidification rates (ECAR, in mpH/min), respectively, although the
same cell numbers (10,000/well) were seeded. For better comparability, we calculated the mean baseline OCR and ECAR of all three experiments before
the start of treatment and set the mean baseline OCR and ECAR at 100%. All changes in OCR and ECAR due to treatment are expressed in percentages.
In both cell lines, there was a significant increase in OCR and a significant decrease in ECAR after selective GSK3 inhibition, compared to the control,
corresponding to a shift to higher mitochondrial respiration and lower glycolysis. ATP inhibitor = oligomycin, mitochondrial function inhibitor = rotenone,

**%n <0.001; **n < 0.01; *n < 0.05 between control and treatment.

16.6-24.2) vs T1 18.1 g ((16.9-19.2) 14.2-22.8), P < 0.001;
pooled BON1RR2 TO 19.9 g ((19.0-20.6) 17.0-22.8) vs T1
17.7 g ((16.5-18.6) 14.2-22.2), P < 0.001). When comparing
T1 between the different treatment groups of
BON1KDMSO animals, no weight difference was
observed (P=0.55). BON1RR2 animals at T1 under
alpelisib alone (16.5 g (15.0-17.3) 13.7-18.1) weighed
significantly less, compared to the other BON1RR2
treatment groups (P < 0.02) and compared to alpelisib-
treated BON1KDMSO animals (17.8 g (16.3-18.3)
15.3-20.1; P=0.017). Animals under alpelisib treatment
regained weight by the end of the trial (T2 - either
a tumour size of almost 2000 mm3 or 140 days after
surgery): BON1KDMSO 185 g (17.6-20.2) 16.9-21.5,
P=0.077 and BON1RR2 18.9 g (18.5-19.7) 18.0-20.8,
P < 0.001. After T1, animal weight gain was rather
dependent on tumour growth than on better health
of the animals.

Since everolimus resistance is associated with
increased activation of the GSK-3 pathway
(Aristizabal Prada et al 2018) and alpelisib may
induce hyperglycaemia (Hedges et al 2021), blood
glucose levels were determined. When comparing the

everolimus-sensitive with the everolimus-resistant

group, there was no significant difference at TO
between the pooled data of BON1KDMSO (123 mg/dL
(109-137) 80-159) and BON1RR2 animals (117 mg/dL
(100-129) 94-207, P=0.215) or between the individual
groups of each cell line. Only at T1, 4 weeks after
treatment initiation, significantly lower glucose levels
occurred in the alpelisib-treated BON1RR2 animals
(83 mg/dL (75-90) 67-103) compared to alpelisib-
treated BON1KDMSO (145 mg/dL (115-177) 93-254,
P < 0.001) possibly explaining the transient weight loss.
Moreover, in BON1RR2 animals, there was a
significant decrease in blood glucose under everolimus
at T1 (100 mg/dL (65-114) 54-116) compared to TO (117
mg/dL (104-117) 97-152, P=0.04).

Effects of treatment and tumour growth on
renal function

Pooled BON1KDMSO and BON1RR2 renal data of T,
Tsy, and T,5 as well as Ty, of the aorta are summarised
in Table 3. Regardless of the treatment, no effect of
therapy on T,. could be detected by kidney
scintigraphy. Only alpelisib caused significantly

delayed Ty, (6.1 min (4.3-8.5) 3.8-25.8; P=0.013) and T,;
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Table 3 The table shows pooled data of BON1KDMSO and BON1RR2 cells. 9mTc-MAG3 aorta blood excretion half-life with

respect to treatment is expressed as Tsp,ora
time-to-peak (T,

and number of animals.

in seconds. 9Tc-MAG3 kidney uptake with respect to treatment is expressed as
), Tso, and T, in minutes. Each set of data includes the median, interquartile range (IQR), minimum-maximum,

Placebo Everolimus Alpelisib Combination
T0 T T0 TO T1 T0 T1
Aorta
excretion (s)
Tsoaorta 28 19 29 34 31 34 44 32
(16-66) (16-45) (23-44) (23-41) (25-48) (18-51) (32-66) (21-49)
12-77 11-93 17-69 18-76 18-80 14-88 10-139 9-117
(n=15) (n=15) (n=15) (n=17) (n=14) (n=15) (n=19) (n=18)
Kidney
uptake (min)
Tnax 1.8 1.6 1.4 1.4 1.7 1.7 1.5 1.6
(1.6-2.1) (1.5-3.2) (1.2-1.8) (1.3-1.9) (1.3-2.4) (1.4-2.5) (1.3-1.6) (1.3-2.1)
1.4-5.6 1.3-7.7 1.1-3.3 1.1-2.1 1.1-4.2 1.3-10.9 1.2-2.3 1.2-5.7
Tso 5.1 4.8 4.0 3.8 4,12 6.1 3.7 4.33
(4.2-7.2) (3.9-8.7) (2.6-5.1) (3.2-4.7) (3.7-5.7) (4.3-8.5) (3.3-4.8) (3.4-5.3)
3.3-15.3 2.7-18.3 2.3-6.2 2.3-6.3 2.5-8.7 3.8-25.8 3.1-5.8 2.3-14.3
Ty 8.9 8.3 6.5 6.8 6.82 10.1 6.2 7.3
(6.9-11.5) (6.4-14.3) (4.1-8.2) (5.1-7.7) (6.0-9.6) (7.3-17.9) (5.3-8.0) (5.7-9.3)
5.1-26.3 4.1-29.2 2.5-10.6 3.5-10.1 4.2-14.8 6.2-44.2 5.0-9.9 3.5-22.6
(n=15) (n=15) (n=15) (n=17) (n=14) (n=15) (n=19) (n=18)

aP < 0.02 between TO (before treatment, minimum tumour size of approximately 60 mms3) and T1 (4 weeks after treatment start) within a treatment group.

(10.1 min (7.3-17.9) 6.2-44.2; P=0.013) at T1, compared
to TO (Ty, 4.1 min (3.7-5.7) 2.5-8.7; T,; 6.8 min (6.0-9.6)
4.2-14.8) when all alpelisib-treated animals were pooled.
This influence of alpelisib on renal excretion was no
longer observed when BON1KDMSO and BON1RR2
animals were evaluated separately, nor in animals
treated with the alpelisib/everolimus combination.

Moreover, the influence of tumour size on kidney
function was evaluated: 4 weeks after the start of
treatment at the time of greatest variability in tumour
size, the aorta blood excretion half-life (T5p,.) Was
reached earlier with increasing tumour size (p=-0.45,
P < 0.001). However, no correlation of tumour size with
renal T, Tso, and T,; was found.

max’

Discussion

We have successfully established the first robust
everolimus-resistant orthotopic pancreatic human NEC
xenograft mouse model by utilising our previously
established everolimus-resistant human pancreatic
NET cell line (BON1RR2) (Aristizabal Prada et al. 2018).
In contrast to other previously established everolimus-
resistant NET cell lines, our resistant cell line is the
first one proven to be stably resistant, even after a
drug holiday of 13 weeks and thus suitable for in vivo
testing (Passacantilli et al. 2014, Vandamme et al. 2016,
Sciammarella et al. 2020, Vitali et al. 2020).

Kaplan-Meier analysis revealed that everolimus
significantly prolonged survival in the animals with
everolimus-sensitive tumours, but not in those with
everolimus-resistant tumours. In the everolimus-
sensitive animals, alpelisib alone and combination
treatment also significantly prolonged survival,
compared to placebo and - interestingly — even to
everolimus. In the everolimus-resistant BON1RR2
animals, there was no significant survival benefit
after treatment with everolimus or alpelisib alone,
but there was after combination treatment. Thus, both
everolimus resistance and overcoming everolimus
resistance by combination treatment could be
demonstrated in vivo. Furthermore, combination
treatment had neither adverse effects on body weight
nor on the kidney function of the mice. Alpelisib as
single treatment, however, caused significantly delayed
excretion time points Ts, and T,; after 4 weeks of
treatment, which is in line with the frequently observed
increased serum creatinine levels in clinical studies on
alpelisib in breast cancer patients (FDA 2019, Markham
2019). Interestingly, significant tumour growth from
approximately 100 mm3 to 1600 mm?3 during 4 weeks
of placebo treatment did not cause any significant
changes in kidney scintigraphic parameters T,,.., Tso
and T,s, while the aorta blood excretion half-life (T5p,0.)
was reached earlier with increasing tumour size. Fast-
growing orthotopic pancreatic tumours and their
tumour vessel system with a high blood flow obviously
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increase the tracer extraction from the abdominal aorta
resulting in a shorter aortic excretion half-life.

Our group has previously shown a synergistic anti-
tumour potential of mTORC1 inhibitor everolimus
and the PI3K-alpha inhibitor alpelisib in vitro, as they
act to inhibit complementary signalling pathways
in human pancreatic NET (BON1), everolimus-resistant
BON1RR1/BON1RR2 and murine phaeochromocytoma
cell lines; this effect was also seen in patient
phaeochromocytoma/paraganglioma primary cultures
and spheroid models (Nolting et al. 2017, Aristizabal
Prada et al. 2018, Fankhauser et al. 2019, Wang et al.
2022). These findings can now be extended to our in
vivo model, explaining the prolonged survival under
combination treatment in BON1KDMSO and BON1RR2
animals. The present data are also consistent with
other in vivo studies whereby combination treatment
with mTORC1 and PI3K inhibitors showed synergistic
anti-tumour effects, resulting in increased survival
compared to monotherapy (Yang et al. 2011, Djukom
et al. 2014, Kim et al. 2020). Djukom et al. also reported
decreased progression of liver metastases during such
combination therapy in a BON1 mouse liver metastasis
model (Djukom et al. 2014). However, importantly, in
contrast to our model, in these studies the tumours did
not show a priori resistance to mTORC1 inhibitors.

Besides overcoming everolimus resistance, we also
aimed to decipher the potential mechanism of everolimus
resistance. Our previous in vitro studies in BON1RR1/
BON1RR2 cell lines have revealed some potential
mechanisms of everolimus resistance (Aristizabal Prada
et al. 2018) such as G1 cell cycle arrest associated with
reduced CDK1 (cdc2) expression in the everolimus-
resistant cell line (Aristizabal Prada et al. 2018), which
is consistent with the observed slower growth rate and
lower baseline 18F-FDG/glucose uptake of the everolimus-
resistant tumours, compared to the sensitive ones.
However, there was no difference in Ki-67 values
between everolimus-sensitive and resistant tumours
which might explain these differential 8F-FDG uptake
values. As another potential mechanism of resistance,
there was increased activation of GSK3 associated
with reduced IRS-1 protein levels in the everolimus-
resistant cell lines in vitro: this may explain the
increase in 18F-FDG/glucose uptake in BON1RR2
tumours between TO and T1 in vivo irrespective of the
type of treatment. Such an increase was not observed
in BON1KDMSO tumours. Moreover, there was a
significantly higher 18F-FDG/glucose uptake at T2 after
everolimus treatment, compared to alpelisib and the
combination, in the resistant tumours only. Cellular
stress (drug treatment or tumour growth itself) may
lead to increased glucose uptake in the resistant
tumours via an increased Warburg effect (aerobic
glycolysis) through increased activation of GSK3 and
negative regulation of mitochondrial respiration (Yang
et al. 2017, Papadopoli et al. 2021). Increased activation
of GSK3 has been reported to be associated with
depleted mitochondrial function (Chiara & Rasola 2013,
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Yang et al. 2017, Papadopoli et al. 2021). Consistently,
the oxygen consumption rate and extracellular
acidification rate measurements showed that selective
GSK3 inhibition led to an increase in mitochondrial
respiration and a decrease in aerobic glycolysis
(Warburg effect) in BON1KDMSO and BON1RR2 cells
in vitro. Thus, we speculate that the increase in !8F-
FDG uptake during tumour growth (between TO and
T1) only in the resistant tumours could be attributed
to the GSK3-mediated depleted mitochondrial function,
and an increased Warburg effect during stress, in
contrast to the higher mitochondrial respiration found
in the everolimus-sensitive tumours. Everolimus
itself has also been shown to impair mitochondrial
respiration (Pelicano et al. 2014), and this may be partly
compensated by increased activation of GSK3 and a
stress-induced shift to higher aerobic glycolysis in the
everolimus-resistant cells and tumours compared to
the everolimus-sensitive tumours. Consistently, the
resistant cell lines and tumours grew more slowly, and
the resistant cell lines were more vulnerable to GSK3
inhibition, compared to the sensitive cell lines.

For further phenotype characterisation of our
everolimus-resistant orthotopic pancreatic NEC mouse
model, and to find out if combination treatment
with everolimus and alpelisib leads to tumour cell
differentiation and SSTR2 upregulation as shown
in vitro (Nolting et al. 2017), 6Ga-DOTATOC-PET
imaging was performed. 58Ga-DOTATOC imaging plays
a significant role in the diagnosis, staging and follow-up
of well-differentiated SSTR2 positive NETs, while 18F-
FDG plays a more important role in the diagnostic
workflow of NET G3 (Ki-67 >20%) and NEC (mostly
Ki-67 >55%), with low SSTR2 expression and increased
metabolic turnover with high glucose intake and thus
high 18F-FDG uptake (Kayani et al. 2008, Rindi et al
2018, Liu et al. 2020, Yu et al. 2022). The NET PET
scoring system has been found to serve as a predictor
of overall survival with high histological correlation
(Chan et al. 2017, Bailey et al. 2019): 58Ga-DOTATOC
positive/18F-FDG  negative tumours had a Dbetter
prognosis and prolonged survival compared to other
groups (Chan et al. 2017). These findings are consistent
with a higher 18F-FDG than 6Ga-DOTATOC tumour
uptake in our study in which all of the tumours
revealed a NEC morphology with increased Ki-67
(mostly 70-90%), poor differentiation, and necrosis
(Fig. 1). Only 9% of all animals in our study showed a
visually positive 68Ga-DOTATOC PET, and there was no
significant correlation between 68Ga-DOTATOC imaging
and histological SSTR2 expression. Although we
have previously shown in vitro that combination
treatment with everolimus and alpelisib led to NET cell
(BON1) differentiation and strongly increased SSTR2
expression (Nolting et al. 2017), no increased expression
of SSTR2 could be observed after combination treatment
in our in vivo model. These findings might be explained
by the fact that increased SSTR2 expression at a
molecular level may not necessarily lead to increased

Downloaded from Bioscientifica.com at 01/29/2024 11:13:29AM
Charite Berlin

via HU -



A-M Mohan et al.

cellular surface expression accessible for radiolabelled
receptor ligand molecules.

Interestingly, our study demonstrated liver metastasis
formation in 17% of animals undergoing treatment,
but no metastases were seen in the placebo-treated
groups. Eight out of nine animals with metastases
were found to be either from the alpelisib (n=4) or the
combination treatment group (n=4), and one animal
from the everolimus group. Previous animal studies
have reported 50-70% metastases formation in a rat
NET tumour model undergoing everolimus treatment,
while no metastases occurred during treatment with
177Lu-DOTATATE (Pool et al. 2013, Bison et al. 2014).
One could hypothesise that, on the one hand, highly
effective treatment (e.g. 177Lu-DOTATATE) may prevent
the formation of metastases, but on the other hand,
the longer survival times of animals under targeted
treatments might enhance their likelihood to develop
metastases compared to placebo-treated animals.
Accordingly, only effective targeted treatments
(e.g. everolimus, alpelisib, and the combination in
BON1KDMSO animals, as well as alpelisib and mostly
combination in BON1RR2 animals), but not placebo
treatment, led to metastasis formation. There was no
significant difference regarding metastasis formation
between BON1KDMSO and BON1RR2 animals in vivo.

In contrast to these preclinical findings, clinical data
from the phase III RADIANT-3 trial in patients with
PNETs have not demonstrated an increased risk of
new metastasis in patients treated with everolimus vs
placebo, reporting new metastases without/with tumour
growth of preexisting target lesions in 45% vs 49%,
respectively (Yao et al. 2011).

It is worth noting that both everolimus (FDA-approved
for NET treatment) and alpelisib (FDA-approved for
breast cancer treatment) are already in clinical use.
As observed in our study, alpelisib-treated animals
survived significantly longer with no additional
side effects compared to the animals treated with
everolimus, as recommended by the current guidelines.
This suggests high anti-tumour potential of alpelisib
in the treatment of NET/NEC. A phase 2 clinical study
investigating alpelisib vs everolimus in NET/NEC would
be the logical next step to provide further information
on survival and toxicity in a clinical setting. We
further conclude that combination treatment with
everolimus and alpelisib seems promising to overcome
everolimus resistance in neuroendocrine neoplasms
and should also be further examined in a phase 2
clinical study. A dose-escalation phase 1b clinical study
to determine the maximum tolerated/recommended
dose of alpelisib in combination with everolimus,
assessing the safety, preliminary efficacy, and effects
of alpelisib on the pharmacokinetics of everolimus
in solid tumours including pNETs, has already been
published in 2021 (Curigliano et al. 2021): in the pNET
cohort, the 16-week progression-free survival under
combination treatment was 35.3%.

Endocrine-Related Cancer (2024) 31 e230041
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In the future, it would be, moreover, very interesting to
perform the reverse experiment of our current study in
order to determine if treatment resistance to alpelisib
may be overcome by everolimus.
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This is linked to the online version of the paper at https://doi.org/10.1530/
ERC-23-0041.

Declaration of interest
The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of the study reported.

Acknowledgements

This work was supported by the Else Kréner-Fresenius-Stiftung
(2018_A79) (to SN), the German Research Foundation (Deutsche
Forschungsgemeinschaft (DFG)) within the CRC/Transregio 205/2, Project
number: 314061271 - TRR 205 ‘The Adrenal: Central Relay in Health and
Disease’ (to SN, FB and MR), Technologiestiftung Berlin (TSB) for SPECT/
CT use, the Deutsche Forschungsgemeinschaft (DFG) for nanoScan PET/
CT (INST 335/454-1 FUGG) and 3T MRI system MRS 3017 (INST 335/516-1
FUGG) use, the Else Kroner-Fresenius-Stiftung (2019_A130) and Wilhelm
Sander-Stiftung (2019.022.1) (to MI), the Hochschulmedizin Zurich as part
of the Immuno-TargET project (to SN and FB). The BERIC and Preclinical
MRI Center are supported by Charité 3R - Replace, Reduce, Refine. Ajay-
Mohan Mohan is supported by a grant from Deutscher Akademischer
Austausch Dienst (DAAD) for participation in the DFG-funded Berlin School
of Integrative Oncology (BSIO) PhD program. Everolimus and alpelisib were
provided by Novartis Pharma.

References

Aristizabal Prada ET, Spottl G, Maurer J, Lauseker M, Koziolek EJ,
Schrader ], Grossman A, Pacak K, Beuschlein F, Auernhammer (), et al.
2018 The role of GSK3 and its reversal with GSK3 antagonism in
everolimus resistance. Endocrine-Related Cancer 25 893-908. (https://doi.
org/10.1530/ERC-18-0159)

Bailey D, Chan D, Roach P, Schembri G, Bernard E, Hsiao E, Hayes A,
Khasraw M, Samra ] & Pavlakis N 2019 The prognostic impact of dual
FDG/somatostatin receptor PET in metastatic neuroendocrine tumours:
updated overall survival from the NETPET study. Journal of Nuclear
Medicine 60 505.

Beindorff N, Bartelheimer A, Huang K, Lukas M, Lange C, Huang EL,
Aschenbach JR, Eary JF, Steffen IG & Brenner W 2018 Normal values of
thyroid uptake of 99mTechnetium pertechnetate SPECT in mice with
respect to age, sex, and circadian rhythm. Nuklearmedizin. Nuclear
Medicine 57 181-189. (https://doi.org/10.3413/Nukmed-0978-18-05)

Bison SM, Pool SE, Koelewijn SJ, van der Graaf LM, Groen HC, Melis M &
de Jong M 2014 Peptide receptor radionuclide therapy (PRRT) with [(177)
Lu-DOTA(0), Tyr(3)]octreotate in combination with RADO0O1 treatment:
further investigations on tumor metastasis and response in the rat
pancreatic CA20948 tumor model. E/NMMI Research 4 21. (https://doi.
org/10.1186/s13550-014-0021-y)

Caplin ME, Pavel M, Cwikla JB, Phan AT, Raderer M, Sedlackova E,

Cadiot G, Wolin EM, Capdevila J, Wall L, et al. 2014 Lanreotide in
metastatic enteropancreatic neuroendocrine tumors. New England Journal
of Medicine 371 224-233. (https://doi.org/10.1056/NEJM0a1316158)

Chan DL, Pavlakis N, Schembri GP, Bernard EJ, Hsiao E, Hayes A,

Barnes T, Diakos C, Khasraw M, Samra J, et al. 2017 Dual somatostatin

Downloaded from Bioscientifica.com at 01/29/2024 11:13:29AM
via HU - Charite Berlin



A-M Mohan et al.

receptor/FDG PET/CT imaging in metastatic neuroendocrine tumours:
proposal for a novel grading scheme with prognostic significance.
Theranostics 7 1149-1158. (https://doi.org/10.7150/thno.18068)

Chiara F & Rasola A 2013 GSK-3 and mitochondria in cancer cells.
Frontiers in Oncology 3 16. (https://doi.org/10.3389/fonc.2013.00016)

Curigliano G, Martin M, Jhaveri K, Beck JT, Tortora G, Fazio N, Maur M,
Hubner RA, Lahner H, Donnet V, et al. 2021 Alpelisib in combination with
everolimus +/- exemestane in solid tumours: phase Ib randomised,
open-label, multicentre study. European Journal of Cancer 151 49-62.
(https://doi.org/10.1016/j.ejca.2021.03.042)

Das S & Dasari A 2021 Epidemiology, incidence, and prevalence of
neuroendocrine neoplasms: are there global differences? Current
Oncology Reports 23 43. (https://doi.org/10.1007/s11912-021-01029-7)

de Wilde RF, Edil BH, Hruban RH & Maitra A 2012 Well-differentiated
pancreatic neuroendocrine tumors: from genetics to therapy. Nature
Reviews Gastroenterology and Hepatology 9 199-208. (https://doi.
org/10.1038/nrgastro.2012.9)

Djukom C, Porro LJ, Mrazek A, Townsend CM, Hellmich MR & Chao C
2014 Dual inhibition of PI3K and mTOR signaling pathways decreases
human pancreatic neuroendocrine tumor metastatic progression.
Pancreas 43 88-92. (https://doi.org/10.1097/MPA.0b013e3182a44ab4)

Fankhauser M, Bechmann N, Lauseker M, Goncalves J, Favier J, Klink B,
William D, Gieldon L, Maurer J, Spottl G, et al. 2019 Synergistic highly
potent targeted drug combinations in different pheochromocytoma
models including human tumor cultures. Endocrinology 160 2600-2617.
(https://doi.org/10.1210/en.2019-00410)

FDA 2019 Highlights of prescribing information. Silver Spring, MD, USA:
Food and Drug Administration. (available at: https://www.accessdata.
fda.gov/drugsatfda_docs/label/2019/212526s000Ibl.pdf)

Frilling A, Modlin IM, Kidd M, Russell C, Breitenstein S, Salem R,
Kwekkeboom D, Lau WY, Klersy C, Vilgrain V, et al. 2014 Recommendations
for management of patients with neuroendocrine liver metastases. Lancet.
Oncology 15 e8-e21. (https://doi.org/10.1016/51470-2045(13)70362-0)

Hedges CP, Boix J, Jaiswal JK, Shetty B, Shepherd PR & Merry TL 2021
Efficacy of providing the PI3K p110alpha inhibitor BYL719 (alpelisib) to
middle-aged mice in their diet. Biomolecules 11. (https://doi.org/10.3390/
biom11020150)

Huang K, Lukas M, Steffen IG, Lange C, Huang EL, Dorau V, Brenner W
& Beindorff N 2018 Normal Values of Renal Function measured with
99mTechnetium mercaptoacetyltriglycine SPECT in Mice with Respect to
Age, Sex and Circadian Rhythm. Nuklearmedizin. Nuclear Medicine 57
224-233. (https://doi.org/10.3413/Nukmed-0999-18-09)

Jussing E, Milton S, Samen E, Moein MM, Bylund L, Axelsson R, Siikanen ]
& Tran TA 2021 Clinically applicable cyclotron-produced gallium-68 gives
high-yield radiolabeling of DOTA-based tracers. Biomolecules 11. (https://
doi.org/10.3390/biom11081118)

Kayani I, Bomanji JB, Groves A, Conway G, Gacinovic S, Win T, Dickson J,
Caplin M & Ell P) 2008 Functional imaging of neuroendocrine tumors
with combined PET/CT using 68ga-DOTATATE (DOTA-DPhe1,Tyr3-
octreotate) and 18F-FDG. Cancer 112 2447-2455. (https://doi.
org/10.1002/cncr.23469)

Kim HJ, Gong MK, Yoon CY, Kang J, Yun M, Cho NH, Rha SY & Choi YD
2020 Synergistic antitumor effects of combined treatment with HSP90
inhibitor and PI3K/mTOR dual inhibitor in cisplatin-resistant human
bladder cancer cells. Yonsei Medical Journal 61 587-596. (https://doi.
org/10.3349/ym;j.2020.61.7.587)

Launay-Vacher V, Aapro M, de Castro G, Cohen E, Deray G, Dooley M,
Humphreys B, Lichtman S, Rey J, Scotte F, et al. 2015 Renal effects of
molecular targeted therapies in oncology: a review by the Cancer and
the Kidney International Network (C-KIN). Annals of Oncology 26
1677-1684. (https://doi.org/10.1093/annonc/mdv136)

Endocrine-Related Cancer (2024) 31 e230041
https://doi.org/10.1530/ERC-23-0041

Liu X, Li N, Jiang T, Xu H, Ran Q, Shu Z, Wu J, Li Y, Zhou S & Zhang B
2020 Comparison of gallium-68 somatostatin receptor and (18)
F-fluorodeoxyglucose positron emission tomography in the diagnosis of
neuroendocrine tumours: a systematic review and meta-analysis.
Hellenic Journal of Nuclear Medicine 23 188-200. (https://doi.org/10.1967/
5002449912108)

Markham A 2019 Alpelisib: first global approval. Drugs 79 1249-1253.
(https://doi.org/10.1007/s40265-019-01161-6)

Nagtegaal ID, Odze RD, Klimstra D, Paradis V, Rugge M, Schirmacher P,
Washington KM, Carneiro F, Cree IA & Board Whocote 2020 The 2019
WHO classification of tumours of the digestive system. Histopathology
76 182-188. (https://doi.org/10.1111/his.13975)

Nélting S, Rentsch J, Freitag H, Detjen K, Briest F, Mobs M, Weissmann V,
Siegmund B, Auernhammer CJ, Aristizabal Prada ET, et al. 2017 The
selective PI3Kalpha inhibitor BYL719 as a novel therapeutic option for
neuroendocrine tumors: results from multiple cell line models. PLoS One
12 e0182852. (https://doi.org/10.1371/journal.pone.0182852)

Okuyama H, Ikeda M, Okusaka T, Furukawa M, Ohkawa S, Hosokawa A,
Kojima Y, Hara H, Murohisa G, Shioji K, et al. 2020 A Phase II trial of
everolimus in patients with advanced pancreatic neuroendocrine
carcinoma refractory or intolerant to platinum-containing chemotherapy
(NECTOR trial). Neuroendocrinology 110 988-993. (https://doi.
org/10.1159/000505550)

Panzuto F, Rinzivillo M, Spada F, Antonuzzo L, Ibrahim T, Campana D,
Fazio N & Delle Fave G 2017 Everolimus in pancreatic neuroendocrine
carcinomas G3. Pancreas 46 302-305. (https://doi.org/10.1097/
MPA.0000000000000762)

Papadopoli D, Pollak M & Topisirovic I 2021 The role of GSK3 in
metabolic pathway perturbations in cancer. Biochimica et Biophysica
Acta. Molecular Cell Research 1868 119059. (https://doi.org/10.1016/j.
bbamcr.2021.119059)

Passacantilli I, Capurso G, Archibugi L, Calabretta S, Caldarola S, Loreni F,
Delle Fave G & Sette C 2014 Combined therapy with RAD001 e BEZ235
overcomes resistance of PET immortalized cell lines to mTOR inhibition.
Oncotarget 5 5381-5391. (https://doi.org/10.18632/oncotarget.2111)

Pavel M, Oberg K, Falconi M, Krenning EP, Sundin A, Perren A, Berruti A
& ESMO Guidelines Committee. Electronic address: clinicalguidelines@
esmo.org 2020 Gastroenteropancreatic neuroendocrine neoplasms:
ESMO Clinical Practice Guidelines for diagnosis, treatment and
follow-up. Annals of Oncology 31 844-860. (https://doi.org/10.1016/j.
annonc.2020.03.304)

Pelicano H, Zhang W, Liu J, Hammoudi N, Dai J, Xu RH, Pusztai L &
Huang P 2014 Mitochondrial dysfunction in some triple-negative breast
cancer cell lines: role of mTOR pathway and therapeutic potential. Breast
Cancer Research 16 434. (https://doi.org/10.1186/513058-014-0434-6)

Pool SE, Bison S, Koelewijn SJ, van der Graaf LM, Melis M, Krenning EP &
de Jong M 2013 mTOR inhibitor RAD0O01 promotes metastasis in a rat
model of pancreatic neuroendocrine cancer. Cancer Research 73 12-18.
(https://doi.org/10.1158/0008-5472.CAN-11-2089)

Raymond E, Dahan L, Raoul JL, Bang YJ, Borbath I, Lombard-Bohas C,
Valle J, Metrakos P, Smith D, Vinik A, et al. 2011 Sunitinib malate for the
treatment of pancreatic neuroendocrine tumors. New England Journal of
Medicine 364 501-513. (https://doi.org/10.1056/NEJMoa1003825)

Rindi G, Klimstra DS, Abedi-Ardekani B, Asa SL, Bosman FT, Brambilla E,
Busam K], de Krijger RR, Dietel M, El-Naggar AK, et al. 2018 A common
classification framework for neuroendocrine neoplasms: an
International Agency for Research on Cancer (IARC) and World Health
Organization (WHO) expert consensus proposal. Modern Pathology 31
1770-1786. (https://doi.org/10.1038/541379-018-0110-y)

Rindi G, Mete O, Uccella S, Basturk O, La Rosa S, Brosens LAA, Ezzat S,
De Herder WW, Klimstra DS, Papotti M, et al. 2022 Overview of the 2022

Downloaded from Bioscientifica.com at 01/29/2024 11:13:29AM
via HU - Charite Berlin



A-M Mohan et al.

WHO classification of neuroendocrine neoplasms. Endocrine Pathology
33 115-154. (https://doi.org/10.1007/512022-022-09708-2)

Rinke A, Muller HH, Schade-Brittinger C, Klose K], Barth P, Wied M,
Mayer C, Aminossadati B, Pape UF, Blaker M, et al. 2009 Placebo-
controlled, double-blind, prospective, randomized study on the effect of
octreotide LAR in the control of tumor growth in patients with
metastatic neuroendocrine midgut tumors: a report from the PROMID
Study Group. Journal of Clinical Oncology 27 4656-4663. (https://doi.
org/10.1200/JC0O.2009.22.8510)

Sciammarella C, Luce A, Riccardi F, Mocerino C, Modica R, Berretta M,
Misso G, Cossu AM, Colao A, Vitale G, et al. 2020 Lanreotide induces
cytokine modulation in intestinal neuroendocrine tumors and
overcomes resistance to everolimus. Frontiers in Oncology 10 1047.
(https://doi.org/10.3389/fonc.2020.01047)

Strosberg JR, Caplin ME, Kunz PL, Ruszniewski PB, Bodei L, Hendifar A,
Mittra E, Wolin EM, Yao JC, Pavel ME, et al. 2021 (177)Lu-Dotatate plus
long-acting octreotide versus highdose long-acting octreotide in
patients with midgut neuroendocrine tumours (NETTER-1): final overall
survival and long-term safety results from an open-label, randomised,
controlled, phase 3 trial. Lancet Oncology 22 1752-1763.

Vandamme T, Beyens M, de Beeck KO, Dogan F, van Koetsveld PM,
Pauwels P, Mortier G, Vangestel C, de Herder W, Van Camp G, et al. 2016
Long-term acquired everolimus resistance in pancreatic neuroendocrine
tumours can be overcome with novel PI3K-AKT-mTOR inhibitors. British
Journal of Cancer 114 650-658. (https://doi.org/10.1038/bjc.2016.25)

Vitali E, Boemi I, Tarantola G, Piccini S, Zerbi A, Veronesi G, Baldelli R,
Mazziotti G, Smiroldo V, Lavezzi E, et al. 2020 Metformin and everolimus:
a promising combination for neuroendocrine tumors treatment. Cancers
(Basel) 12. (https://doi.org/10.3390/cancers12082143)

Wang K, Schutze I, Gulde S, Bechmann N, Richter S, Helm J, Lauseker M,
Maurer J, Reul A, Spoettl G, et al. 2022 Personalized drug testing in
human pheochromocytoma/paraganglioma primary cultures. Endocrine-
Related Cancer 29 285-306. (https://doi.org/10.1530/ERC-21-0355)

Endocrine-Related Cancer (2024) 31 e230041
https://doi.org/10.1530/ERC-23-0041

White BE, Rous B, Chandrakumaran K, Wong K, Bouvier C,

van Hemelrijck M, George G, Russell B, Srirajaskanthan R & Ramage JK
2022 Incidence and survival of neuroendocrine neoplasia in England
1995-2018: a retrospective, population-based study. Lancet Regional
Health. Europe 23 100510. (https://doi.org/10.1016/j.
lanepe.2022.100510)

Yang S, Xiao X, Meng X & Leslie KK 2011 A mechanism for synergy with
combined mTOR and PI3 kinase inhibitors. PLoS One 6 €26343. (https://
doi.org/10.1371/journal.pone.0026343)

Yang K, Chen Z, Gao J, Shi W, Li L, Jiang S, Hu H, Liu Z, Xu D & Wu L
2017 The key roles of GSK-3beta in regulating mitochondrial activity.
Cellular Physiology and Biochemistry 44 1445-1459. (https://doi.
org/10.1159/000485580)

Yao JC, Shah MH, Ito T, Bohas CL, Wolin EM, Van Cutsem E, Hobday T,
Okusaka T, Capdevila J, de Vries EG, et al. 2011 Everolimus for advanced
pancreatic neuroendocrine tumors. New England Journal of Medicine 364
514-523. (https://doi.org/10.1056/NEJMo0a1009290)

Yao JC, Fazio N, Singh S, Buzzoni R, Carnaghi C, Wolin E, Tomasek J,
Raderer M, Lahner H, Voi M, et al. 2016 Everolimus for the treatment of
advanced, non-functional neuroendocrine tumours of the lung or
gastrointestinal tract (RADIANT-4): a randomised, placebo-controlled,
phase 3 study. Lancet 387 968-977. (https://doi.org/10.1016/S0140-
6736(15)00817-X)

Yu J, Cao F, Zhao X, Xie Q, Lu M, LiJ, Yang Z & Sun Y 2022 Correlation
and comparison of somatostatin receptor Type 2 immunohistochemical
scoring systems with 68ga-DOTATATE positron emission tomography/
computed tomography imaging in gastroenteropancreatic
neuroendocrine neoplasms. Neuroendocrinology 112 358-369. (https://
doi.org/10.1159/000517530)

Zitzmann K, Ruden J, Brand S, Goke B, Lichtl J, Spottl G &
Auernhammer CJ 2010 Compensatory activation of Akt in response to
mTOR and Raf inhibitors - a rationale for dual-targeted therapy
approaches in neuroendocrine tumor disease. Cancer Letters 295
100-109. (https://doi.org/10.1016/j.canlet.2010.02.018)

Downloaded from Bioscientifica.com at 01/29/2024 11:13:29AM
Charite Berlin

via HU -



7 Appendix (Publication I1I)

28

7.

Appendix (Publication III)



N
e

The Journal of Clinical Endocrinology & Metabolism, 2022, 107, 2963—-2972
https://doi.org/10.1210/clinem/dgac471
Advance access publication 17 August 2022

Mini-Review

ENDOCRINE
SOCEETY

OXFORD

Targeted Therapies in Pheochromocytoma and
Paraganglioma

Katharina Wang,"® Joakim Crona,? Felix Beuschlein,'®
Karel Pacak,*>> and Svenja Nolting™®

Ashley B. Grossman,3*

'Department of Internal Medicine IV, University Hospital, LMU Klinikum, Ludwig Maximilian University of Munich, 80336 Munich, Germany
2Department of Medical Sciences, Uppsala University, 75185 Uppsala, Sweden

3Green Templeton College, University of Oxford, Oxford 0X2 6HG, United Kingdom

“NET Unit, ENETS Centre of Excellence, Royal Free Hospital, London NW3 2QG, United Kingdom

SEunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, Maryland 20892-
1109, USA; and

Department of Endocrinology, Diabetology and Clinical Nutrition, University Hospital Zurich (USZ) and University of Zurich (UZH), 8091 Zurich,
Switzerland

Correspondence: Svenja Nélting, MD, Department of Endocrinology, Diabetology and Clinical Nutrition, University Hospital Zurich (USZ) and University of
Zurich (UZH), Ramistrasse 100, CH 8091 Zurich, Switzerland. Email: svenja.noelting@usz.ch

Abstract

Molecular targeted therapy plays an increasingly important role in the treatment of metastatic pheochromocytomas and paragangliomas (PPGLs),
which are rare tumors but remain difficult to treat. This mini-review provides an overview of established molecular targeted therapies in present
use, and perspectives on those currently under development and evaluation in clinical trials. Recently published research articles, guidelines, and
expert views on molecular targeted therapies in PPGLs are systematically reviewed and summarized. Some tyrosine kinase inhibitors (sunitinib,
cabozantinib) are already in clinical use with some promising results, but without formal approval for the treatment of PPGLs. Sunitinib is the only
therapeutic option which has been investigated in a randomized placebo-controlled clinical trial. It is clinically used as a first-, second-, or third-line
therapeutic option for the treatment of progressive metastatic PPGLs. Some other promising molecular targeted therapies (hypoxia-inducible
factor 2 alpha [HIF2a] inhibitors, tumor vaccination together with checkpoint inhibitors, antiangiogenic therapies, kinase signaling inhibitors) are
under evaluation in clinical trials. The HIF2a inhibitor belzutifan may prove to be particularly interesting for cluster 1B-/VHL/EPAS 1-related PPGLs,
whereas antiangiogenic therapies seem to be primarily effective in cluster 1A-/SDHx-related PPGLs. Some combination therapies currently
being evaluated in clinical trials, such as temozolomide/olaparib, temozolomide/talazoparib, or cabozantinib/atezolizumab, will provide data for
novel therapy for metastatic PPGLs. It is likely that advances in such molecular targeted therapies will play an essential role in the future treat-
ment of these tumors, with more personalized therapy options paving the way towards improved therapeutic outcomes.

Key Words: molecular targeted therapy, metastatic, pheochromocytoma, paraganglioma

Abbreviations: ccRCC, clear cell renal cell carcinoma; CT, computed tomography; CVD, cyclophosphamide/vincristine/dacarbazine; DCR, disease control
rate; FDA, US Food and Drug Administration; ['®F]-FDOPA PET/CT, ['®F]-fluorodihydroxyphenylalanine positron emission tomography-CT, HIF2a., hypoxia-
inducible factor 2 alpha; HSA, high specific activity; MRI, magnetic resonance imaging; NET, neuroendocrine tumor; ORR, objective response rate; PARP,
poly (ADP-ribose) polymerase; PFS, progression-free survival;, PPGL, pheochromocytoma and paraganglioma; PRRT, peptide (somatostatin) receptor
(SSTR)-based radionuclide therapy; RCC, renal cell carcinoma; SSTR, somatostatin receptor; TKI, tyrosine kinase inhibitor; VHL, von Hippel-Lindau; [%Ga]-
DOTA-SSA PET/CT, %Gallium-labeled somatostatin analogue positron emission tomography-computed tomography

Pheochromocytomas and paragangliomas are a group of
neuroendocrine neoplasms that originate from the adrenal
medulla (pheochromocytomas) or the sympathetic or para-
sympathetic extra-adrenal paraganglia (paragangliomas).
These tumors, collectively referred to as PPGLs, show the
highest rate of heritability or genetically known causes among
all endocrine tumors.

In recent years, an increasing number of variants in
genes involved in PPGL tumor pathogenesis have been dis-
covered, as previously reviewed (1). Germline mutations
are known to be present in up to 30% to 35% of PPGL
patients, whereas somatic mutations in similar genes can
be found in up to one-half of patients (2-8). Thus, around
70% to 80% of all patients show germline or somatic

mutations in known PPGL disease-causing genes, and gen-
etic testing is recommended for every patient because this
may guide their management and improve their clinical
outcome (9-12).

PPGLs can be assigned to 1 of 3 main molecular clus-
ters depending on their genetic signature: pseudohypoxia-
related cluster 1 (1A or 1B), kinase signaling-related cluster
2, or Wnt signaling-related cluster 3 (Fig. 1). These clusters
are associated with distinct biochemical profiles, imaging-
related functionalities, clinical presentations, and prognostic
differences. Genetic profiling of PPGLs therefore allows for
personalized diagnostics and follow-up of these tumors.
Although cluster-specific biochemical phenotyping, imaging,
and follow-up have already entered routine clinical practice
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(12), therapy has largely remained nonspecific and unrelated
to mutation status.

In terms of treatment, options are overall still limited for
PPGL patients with metastatic disease, and there are no
treatment options that may offer a complete cure to this
disease. The only officially approved therapy currently avail-
able is high specific activity (HSA) [*'[]-MIBG therapy that
is approved only in the United States (13). Around 10% to
15% of all patients with pheochromocytomas, plus a signifi-
cantly higher proportion of patients with paragangliomas
(35%-40%), develop metastases (14-21). Although cluster
1 tumors, particularly SDHB- and SDHA-mutant PPGLs,
show a high metastatic risk of up to 75% (2, 20, 22-24),
of the 3 clusters, cluster 2 tumors are associated with the
lowest metastatic risk of 3% to 10% (2, 24, 25). Cluster 3
tumors are relatively rare but show aggressive behavior and
a high metastatic risk (2, 26). Overall, 5- and 10-year mor-
tality rates for metastatic patients have been reported to be
37% and 29%, respectively (27), with SDHB mutations in
particular associated with decreased survival in metastatic
PPGL patients (28).

Therefore, with only few established therapeutic options
available for metastatic PPGLs, novel therapeutic approaches
are urgently needed (12, 29, 30). In recent years, personal-
ized and genetically guided therapy has become increasingly
investigated, with some molecular targeted therapies already
playing a role in the therapy of metastatic PPGLs. Molecular
targeted therapy is defined as a treatment that targets specific
molecules that play key roles in cancer growth and survival,

leading to an inhibition of tumor cell growth and progression,
or a promotion of tumor cell death (31, 32).

This mini-review focuses on molecular targeted therapies
for metastatic PPGLs, providing an overview of existing
therapeutic options and their efficacy, and highlights the cur-
rent development of novel personalized molecular targeted
therapies. Recently published research articles, guidelines,
and expert views on molecular targeted therapies in PPGLs
were systematically reviewed, and are summarized in this
mini-review.

Management of Metastatic PPGLs

The diagnosis of metastatic PPGL patients is based, similarly
to nonmetastatic PPGL patients, either on their clinical pres-
entation with typical signs and symptoms, on the presence of
an adrenal incidentaloma, or following surveillance because
of a personal or family history (11). However, compared with
nonmetastatic PPGL patients, metastatic disease may more
often lead to a clinical presentation with severe hypertension
or fluctuation in blood pressure because of a higher tumor
burden (11, 33). To confirm or rule out a PPGL, subsequent
biochemical testing and imaging is indicated (34).

The management of metastatic PPGLs is highly de-
pendent on their biochemical phenotype, ideally determined
by measurement of plasma-free metanephrines using liquid
chromatography-tandem mass spectrometry (12). Cluster 1
PPGLs predominantly present with a noradrenergic pheno-
type, defined by an increase of normetanephrine either
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without an increase in metanephrines or with an increase of
metanephrine less than 5% of the increase in both metab-
olites (35). Less commonly, 3-methoxytyramine may also be
increased—defining a dopaminergic phenotype (36). Cluster
2 PPGLs are predominantly adrenergic, defined by an increase
in plasma metanephrine more than 5% of the increase of all
metabolites (35, 36). The precise biochemical phenotype of
cluster 3 PPGLs is still unknown (12).

The imaging modalities chosen for screening are dependent
on many factors including primary tumor location (adrenal
vs extra-adrenal), mutation and patient age. Computed tom-
ography (CT) imaging is preferred for the screening of ad-
renal tumors and shows higher sensitivity than magnetic
resonance imaging (MRI) scans in the detection of lung me-
tastases (12). MRI is now the preferred imaging modality for
the screening of extra-adrenal tumors and for the detection
of liver metastases. MRI is also preferably used in children
and for long-term follow-up of all patients (37). If functional
imaging is indicated, the use of the **Gallium-labeled somato-
statin analogue positron emission tomography-CT ([**Ga]-
DOTA-SSA PET/CT) is recommended for cluster 1A-related
PPGL patients, whereas ['*F]-fluorodihydroxyphenylalanine
positron emission tomography-CT (['*F]-FDOPA PET/CT) is
recommended as first-line functional imaging for cluster 1B-
and cluster 2-related PPGL patients (12, 38).

Following the initial diagnosis of a PPGL, genetic coun-
seling and testing should be recommended for every patient
(9, 12). Certain mutations (eg, SDHB, ARTX) as well as a
tumor size >5 c¢m, multifocality, previously detected metas-
tases, or a noradrenergic/dopaminergic biochemical pheno-
type, are all characteristics associated with a higher risk of
the development of future metastases (28, 39-41).

Individualized therapy decisions, particularly for metastatic
patients, should be made in a multidisciplinary tumor board,
preferably in a specialized center (9, 12). In general, surgery
is the only curative therapy available, and is indicated as first-
line therapy for locoregional disease or maybe oligometastatic
disease in selected cases, but may also be used to provide
symptomatic relief (eg, by lowering catecholamine levels) in
the case of catecholamine-related signs and symptoms, or to
reduce tumor mass effects for patients with widespread me-
tastases (12, 42). Furthermore, some studies have suggested
resection of the primary tumor and of the metastases to be
beneficial for metastatic PPGL patients (39, 43-46); however,
more conclusive evidence is still needed.

In functional PPGLs, alpha-adrenoreceptor blockade
is usually indicated for 7 to 14 days before any treatment
intervention, surgical or otherwise, and should be continued
for at least 3 days after ablative or systemic therapies (9,
11, 42). Moreover, alpha-adrenoreceptor blockade should
be considered in each patient with metastatic disease with
catecholamine-related signs and symptoms.

Because there are no officially approved systemic therapies
available for metastatic PPGLs, apart from HSA [**']-MIBG
therapy in the United States, therapy is largely based on past
practice and experience.

Therapy of Metastatic PPGLs With a Special
Focus on Molecular Targeted Therapies

The treatment algorithm for metastatic PPGL patients should
be personalized, based on the rate of progression, overall

tumor burden, location of metastases, and the general con-
dition of each patient including assessment of co-morbidities.
A flow chart of the practical therapy standards is shown in
Fig. 2. The original data and studies supporting the practical
therapy standards are summarized and reviewed in Nolting
et al (12).

Various modalities can be used to affect symptomatic con-
trol, including those from mass effects and catecholamine-
related signs and symptoms, in appropriate circumstances;
these would include palliative resection of the primary or me-
tastases, alpha-adrenoreceptor blockade, interventional radi-
ology, or radiotherapy (12).

Although molecular targeted therapy is being increasingly
studied in patients with metastatic PPGLs, systemic therapy
is still largely based on conventional chemotherapy or based
on some specific characteristics as with targeted radionuclide
therapy. Moreover, such practical therapy standards are
mostly based on retrospective data, with few prospective
trials and only 1 completed randomized placebo-controlled
clinical trial (FIRST-MAPPP) (47).

Molecular targeted therapies include therapeutic ap-
proaches such as antiangiogenic agents and hypoxia-inducible
factor 2 alpha (HIF2a) inhibitors, especially for cluster 1 tu-
mors, inhibitors of kinase signaling pathways (PI3K/AKT/
mTOR, Ras/Raf/MEK/ERK), especially for cluster 2 tumors,
and potentially Wnt signaling inhibitors for cluster 3 tumors.
All ongoing clinical trials investigating molecular targeted
therapy in PPGL patients are listed in Table 1.

Chemotherapy

Cytotoxic chemotherapy using cyclophosphamide/vincris-
tine/dacarbazine (CVD, Averbuch scheme) or temozolomide
are conventional therapeutic options for metastatic PPGL pa-
tients. These therapies are only briefly mentioned here to give
an overview of the practical therapy standards but are not
considered targeted therapy. For metastatic PPGLs with rapid
progression and a high visceral tumor burden, CVD chemo-
therapy may be the treatment of choice (12, 42). The largest
meta-analysis on CVD therapy reported a partial response
concerning tumor volume in 37% of patients (4 studies), and
a partial response concerning catecholamine excess in 40%
of patients (2 studies) (48). However, complete responses re-
garding tumor volume and catecholamine excess were only
seen in 4% and 14 %, respectively.

Although temozolomide has also shown promising efficacy
in metastatic, particularly SDHB-mutant, PPGLs in retro-
spective studies (49, 50), prospective data are still lacking.
At present, probably the main place of temozolomide is in
patients showing slow-to-moderate progression and who
are not eligible for peptide (somatostatin) receptor (SSTR)-
based radionuclide therapy (PRRT) or MIBG therapy, or
who show slow-to-moderate progression after such treat-
ment (12, 49, 50).

Combination therapy: temozolomide plus poly (ADP-ribose)
inhibitor (targeted therapy)

A preclinical study showed that combining temozolomide
with a poly (ADP-ribose) polymerase (PARP) inhibitor may
be a novel therapeutic approach in SDHB-mutant PPGLs
(51), and a prospective randomized clinical phase 2 study
investigating temozolomide vs temozolomide plus the PARP
inhibitor olaparib in metastatic PPGL is currently recruiting
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Figure 2. Simplified flow chart of the practical therapy standards in metastatic PPGLs (12). Each metastatic PPGL patient should be discussed in an
interdisciplinary endocrine tumor board. Surgery of the primary tumor, of oligometastatic disease or debulking surgery, should always be considered. In
the case of slow progression, low tumor burden and oligometastatic disease, active surveillance may be considered. In patients with slow-to-moderate
progression, moderate-to-high tumor burden and positivity on SSTR2 or MIBG imaging, radionuclide therapy using either PRRT or MIBG (depending on
avidity on molecular imaging) may be applied. For slowly/moderately progressing tumors that are not eligible for PRRT or MIBG, TKls or temozolomide
may be considered as first-line therapies. In the case of rapid progression or high visceral tumor burden, CVD chemotherapy may be applied. In the
case of slow-to-moderate progression following radionuclide therapy, TKIs or temozolomide may be considered. In the case of rapid progression and
high visceral tumor burden following other systemic therapies, CVD should be considered. Following progression to CVD, TKls, or temozolomide may
be considered. In case of further progression, inclusion in clinical trials may be considered. MIBG, meta-["*'l] iodobenzylguanidine; PRRT, somatostatin
receptorbased radionuclide therapy; RFA, radiofrequency ablation; TKI, tyrosine kinase inhibitor.

(NCT04394858). Another phase 2 trial investigating
temozolomide in combination with the PARP inhibitor
talazoparib in advanced cancers, including PPGLs, is also
now recruiting (RARE 2, NCT05142241).

Targeted Radionuclide Therapy

In patients with slow-to-moderate progression and moderate-
to-high tumor burden, targeted radionuclide therapy using pep-
tide PRRT or meta-["3'] iodobenzylguanidine (['*'I]-MIBG)
may currently be used as first-line therapeutic options (11-13).
However, such PPRT is only indicated if the tumor is positive
on [**Ga]-DOTA-SSA imaging (12, 52), whereas HSA or con-
ventional [**'I]-MIBG therapy may be applied in patients with
tumors that show uptake on ['2*I]-MIBG imaging (13, 42).
HSA [B']-MIBG therapy has been US Food and Drug
Administration (FDA)-approved based on a phase 2 study
with good results (n = 64, partial response or stable disease
in 92%, median overall survival 36.7 months) (13). However,
studies have shown that metastatic cluster 1-, particu-
larly SDHB-related, PPGLs may be less frequently positive
on ['I]-MIBG imaging (53). Therefore, other radionuclide

therapies, such as PRRT, may be particularly interesting for
cluster 1-related PPGLs, which often show strong SSTR2 ex-
pression and positivity on [**Ga]-DOTA-SSA imaging (38,
54, 55). A prospective study has also shown particularly long
overall survival (82 months) in metastatic paraganglioma pa-
tients (n = 28) following [*°Y] DOTATOC therapy, further
suggesting a high therapeutic potential of PRRT in metastatic
paragangliomas (56).

Other types of PRRT are now also being evaluated.
PRRT using alpha-particle emitting radionuclides such as
22 Ac-DOTATATE has shown promising results in meta-
static ~ gastro-enteropancreatic neuroendocrine tumor
(NET) patients who are refractory to or have reached the
maximum therapy cycles of '"Lu-DOTATATE therapy
and may also prove to be valuable for metastatic PPGL
patients (57). PRRT using SSTR antagonists, which may
have higher tumor-binding affinity than SSTR agonists
(58), has been shown to be clinically feasible and effective
(59). However, there are still no completed or active clin-
ical trials investigating these types of PRRT in patients with
metastatic PPGL.
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Table 1. Ongoing clinical trials investigating molecular targeted therapy in PPGLs, listed in order of their mention in the text
Ongoing clinical Intervention/treatment Study design Phase Location® Status
trials
NCT04394858 Olaparib (PARP inhibitor) plus temozolomide (chemotherapeutic) Prospective 2 Us Recruiting
NCT05142241 Talazoparib (PARP inhibitor) plus temozolomide (chemotherapeutic) ~ Prospective 2 Us Recruiting
(RARE 2)
NCT00107289 [B']-MIBG Prospective 2 us Recruiting
NCT01850888  [*'I]-MIBG in palliative patients Prospective NA US Recruiting
NCT04770831  [BU]-MIBG Prospective 2 us Recruiting
NCT00874614 HSA [']-MIBG Prospective 2 Us Unknown
NCT03206060 [77Lu] DOTATATE (PRRT) Prospective 2 us Recruiting
NCT04276597 ['7Lu] DOTATOC (PRRT) Prospective 2 Us Recruiting
NCT04711135 ["7Lu] DOTATATE (PRRT) in adolescents Prospective 2 US, Europe, UK Recruiting
NCT04029428 ["7Lu] DOTATATE vs [*°Y] DOTATATE vs mix of 50% each (PRRT) Prospective 2 Poland Unknown
NCT00843037  Sunitinib (TKI) Prospective 2 Canada, Active, not
(SNIPP) Netherlands recruiting
NCT02302833 Cabozantinib s-malate (TKI) Prospective 2 us Recruiting
NCT01371201  Sunitinib (TKI) Randomized, 2 Europe Closed
(FIRST-MAPPP) double-blind, (data
placebo- arriving
controlled soon)
NCT03946527 Lanreotide (SSTR analog) Prospective 2 Us Recruiting
(LAMPARA)
NCT03839498  Axitinib (TKI) Prospective 2 us Recruiting
NCT03008369 Lenvatinib (TKI) Prospective 2 UsS Active, not
recruiting
NCT04860700  Anlotinib (TKI) Prospective 2 China Recruiting
NCT05133349  Anlotinib (TKI) Prospective 2 China Recruiting
NCT02721732 Pembrolizumab (Immunotherapeutic) Prospective 2 Us Active, not
recruiting
NCT04400474 Cabozantinib (TKI) plus atezolizumab (immunotherapeutic) Prospective 2 Spain Recruiting
(CABATEN)
NCT04924075 Belzutifan (HIF2a inhibitor) Prospective 2 US, Canada, Recruiting
(MK-6482-015) Europe, UK,
Russia, Turkey
NCT04895748 DFF332 (HIF2a inhibitor) plus everolimus (mMTORC1 inhibitor) or Prospective 1 US, Europe, Recruiting
DFF332 plus spartalizumab (immunotherapeutic) plus taminadenant Japan,
(A2A receptor antagonist) Singapore
NCT04284774 Tipifarnib (farnesyltransferase inhibitor) Prospective 2 us Recruiting
(MATCH)
NCT04187404 EO2401 (therapeutic vaccine) plus nivolumab (immunotherapeutic)  Prospective 172 US and Europe  Recruiting
(Spencer)
NCT03034200 ONC201 (small molecule DRD2 antagonist) Prospective 2 usS Active, not

recruiting

Abbreviations: HSA, high specific activity; HIF2a, hypoxia-inducible factor 2 alpha; MIBG, meta-iodobenzylguanidine; NA, not applicable; PARP, poly
(ADP-ribose) polymerase; PRRT, peptide receptor radionuclide therapy; TKI, tyrosine kinase inhibitor.

“Trial locations at the timepoint of the writing of this paper.

Several clinical trials further investigating [“'I]-MIBG
therapy and PRRT in metastatic PPGL patients (adult or ado-
lescent) are now recruiting (Table 1).

For slowly/moderately progressing tumors that are not eli-
gible for PRRT or MIBG, tyrosine kinase inhibitors (TKIs)
or temozolomide may be considered as first-line therapeutic
options (12).

Tyrosine kinase inhibitors

In the case of progression to CVD or radionuclide therapy,
TKIs may be used (12). Targeting angiogenesis, which is a
hallmark of metastatic PPGL development (60), by using

TKIs is an important therapeutic strategy since both cluster 1,
particularly SDHB, and cluster 2 mutations may predispose
to angiogenesis (61, 62).

Sunitinib is a clinically available TKI that has been inves-
tigated in prospective phase 2 trials in PPGL patients: 1 pro-
spective phase 2 trial (SNIPP trial, NCT00843037) showed a
partial response of 13% (n =23, disease control rate [DCR]
over 12 weeks, 83% median progression-free survival [PFS]
13.4 months), and all SDHx-mutant patients showed par-
tial responses or stable disease (63). The first randomized
placebo-controlled phase 2 study in patients with metastatic
PPGL (FIRST-MAPPP, NCT01371201) investigated sunitinib
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vs placebo, and demonstrated promising preliminary results
(PFS at 12 months: sunitinib group 35.9% vs placebo 18.9%;
median PFS sunitinib 8.9 months vs placebo 3.6 months) (ab-
stract) (47). A retrospective clinical trial described a partial
response to sunitinib in 21% of patients, with 62.5% of cases
with stable disease or a partial response in SDHB mutation
carriers (64).

The TKI cabozantinib is also in clinical use and is being
investigated in a clinical phase 2 trial in metastatic PPGL
(NCT02302833) with promising preliminary results (par-
tial response 37%, stable disease 55%, DCR 92%, PFS
16 months; responders included SDHB-mutant patients [pre-
liminary data published in a review]) (62). Consistent with
these data, our preclinical study on human PPGL primary cul-
tures showed significantly stronger efficacy of cabozantinib
in cluster 1 tumors, particularly SDHB-related tumors, com-
pared with cluster 2 tumors (635).

Although the prospective and retrospective studies, as well
as our preclinical study on human PPGL primary cultures,
indicated particular efficacy of sunitinib and cabozantinib
in cluster 1 SDHx-, particularly SDHB-related tumors (63-
66), it still remains to be seen from the FIRST-MAPPP trial
whether patients with these mutations are the best candidates
for sunitinib (final detailed data are awaited). Moreover, it
has to be kept in mind that patients with cluster 1-related
PPGLs are often younger and have more aggressive tumors,
compared with patients with cluster 2-related tumors. This
may add to the better efficacy and tolerability of some drugs
in patients with cluster 1-related tumors.

Other TKIs, including axitinib, pazopanib, lenvatinib, and
anlotinib, have not been extensively clinically used in PPGLs
as yet, but have shown moderate efficacy in small phase 2
trials (axitinib, n = 9, partial response in 3/9 patients [ab-
stract]; pazopanib, n =6, partial response in 1/6 patients,
study halted from poor recruitment) (67, 68). Another phase
2 trial on axitinib is now recruiting (NCT03839498). A small
retrospective study on the TKI lenvatinib showed promising
results (n=11, 5/11 SDHB-mutant, n = 8 with measurable
disease, PFS at 12 months 61.4%, median PFS 14.7 months,
partial response 5/8, stable disease 3/8), but a worsening
of hypertension in the majority of patients (9/11) (69).
Lenvatinib is currently being studied in another small phase 2
trial in metastatic PPGLs (NCT03008369). Two phase 2 trials
studying TKI anlotinib in advanced PPGLs are now recruiting
(NCT04860700, NCT05133349).

Immunotherapy

Pembrolizumab, a monoclonal antibody targeting PD-1,
showed modest efficacy in 2 clinical phase 2 studies (n =11,
objective response rate [ORR] 9%, DCR 73%, median PFS
5.7 months and n =9, ORR 0%, DCR 75% over 4 months,
PFES at 27 weeks 43 %, respectively) (NCT02721732) (70, 71).

Combination therapy: immunotherapy plus TKI

Because antiangiogenic therapy, through targeting vascular
endothelial growth factor, promotes immune cell mobiliza-
tion and enhances the efficacy of immunotherapy (62), the
evaluation of TKIs in combination with immunotherapeutics
may be of particular interest for metastatic PPGL patients.
TKI plus immunotherapeutic combination therapies have al-
ready been approved for the therapy of advanced renal cell
carcinoma (lenvatinib/pembrolizumab and cabozantinib/
nivolumab) (72, 73), but there are only limited data available

in PPGLs. One case study showed that cabozantinib plus
nivolumab resulted in a major response in a metastatic PPGL
patient until the end of the observation period (22 months
after combination therapy initiation) (74). Furthermore,
a multicohort phase 2 study of cabozantinib plus the
immunotherapeutic atezolizumab in advanced endocrine tu-
mors, including PPGLs, is currently recruiting, and may pro-
vide important clinical data (CABATEN, NCT04400474).

HIF2a Inhibitors

The HIF2q inhibitor belzutifan has received FDA approval for
therapy of cancers associated with von Hippel-Lindau (VHL)
disease (75), based on promising results from a phase 2 study
on VHL-associated renal cell carcinoma (RCC) (n = 61, ORR
49%, partial response in 49% of patients, PFS at 24 months
96%) (MK-6482-004, NCT03401788) (76). Although PPGL
patients have not been included in the studies so far, another
phase 2 trial on belzutifan in advanced PPGLs and NETs is
now recruiting (MK-6482-015, NCT04924075). Although
some preclinical in vitro studies have shown a lack of efficacy
of HIF2a inhibitors in PPGL cells, this was possibly because
of the limitations of in vitro experiments (24, 65).

Other HIF2a inhibitors currently under investigation in-
clude PT2385, evaluated in a phase 2 study in VHL-associated
clear cell (cc)RCC patients (NCT03108066), and DFF332 (in
combination with either the mTORC1 inhibitor everolimus
or the immunotherapeutic spartalizumab, plus the adeno-
sine A2A receptor antagonist taminadenant), investigated in
a phase 1 trial in tumor patients with HIF-stabilizing muta-
tions, including PPGLs (NCT04895748).

Although there are currently no clinical data available con-
cerning the efficacy of HIF2a inhibitors in PPGLs, these drugs
theoretically offer important treatment potential for meta-
static, particularly cluster 1-associated tumors (24, 77, 78),
and the MK-6482-015 trial is likely to provide highly relevant
data for metastatic PPGL patients.

Combination therapy: HIF2a inhibitor plus TKI

A potentially interesting combination therapy—belzutifan
plus the TKI cabozantinib—is currently being investigated in
a phase 2 trial in patients with advanced ccRCC (MK-6482-
003, NCT03634540), with promising preliminary results
(n=41, ORR 22%, DCR 92.7% over 6 months, median PFS
16.8 months, PFS at 6 months 78.3% [in abstract]) (79).

Kinase Signaling Inhibitors

The kinase signaling pathways PI3K/AKT/mTOR or Ras/Raf/
MEK/ERK are often overactivated in cluster 2-related PPGLs,
and may be targeted by kinase signaling inhibitors (3, 12).
TKIs have been discussed previously and may be used in both
cluster 1- and cluster 2-related tumors.

The mTORCI1 inhibitor everolimus is approved for the
therapy of progressive NETs but has shown only slight to
moderate efficacy in PPGLs in a small prospective and an-
other small retrospective study (n =4, DCR 25% and n=7,
DCR 71%, median PFS 3.8 months, respectively) (80, 81).

The selective RET inhibitor selpercatinib is approved for
treatment of RET-mutant lung and thyroid cancers on the
basis of a phase 1/2 clinical study in RET-mutant solid tu-
mors, and medullary thyroid carcinomas (LIBRETTO-001,
NCT03157128) (82). Although selpercatinib has also shown
strong efficacy in a case report of a RET fusion-positive
metastatic PPGL patient (83), our preclinical studies found

¥20¢ Alenuer L.g Uo Jasn usyouany 3eulolqIgsIoe)sIaAIuN Aq 0G88999/€962/1 /L0 L/I0IME/Wadl/w0d"dNo-o1Wapeoe//:sdjly Wol) papeojumod



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 11 2969

only moderate efficacy of selpercatinib in RET-mutant
PPGL primary cultures (65), although this was based on a
small sample size. Moreover, it is worth mentioning that the
RET-mutant tumors in the primary culture study were all
nonmetastatic tumors and, in general, cluster 2-related PPGLs
show a very low metastatic risk (3%-10%) (2, 24, 25).

Tipifarnib, a farnesyl-transferase inhibitor that disrupts
HRAS function, particularly in HRAS-mutant cancers, has
received FDA “breakthrough therapy” designation for the
treatment of recurrent or metastatic HRAS-mutant head-and-
neck squamous cell carcinoma, based on the results of a phase
2 study (84). A phase 2 pediatric trial studying tipifarnib in
patients with HRAS-mutant pheochromocytomas, among
others, is now recruiting (MATCH, NCT04284774), and
should provide important data for PPGL therapy.

Combination therapy: mTOR inhibitor plus TKI

Because everolimus usually leads to the development of re-
sistance in patients with NETs after less than 1 year, through
compensatory activation of other kinase signaling pathways
(85, 86), the combination of mTOR inhibitors with TKIs
may be a promising therapeutic option for NETs and also
PPGLs, as shown by our preclinical studies in patient-derived
PPGL primary cultures (a synergistic effect of everolimus plus
cabozantinib was observed and an additive effect of everolimus
plus sunitinib) (65, 87). Moreover, combination therapy of
a TKI (lenvatinib) plus an mTOR inhibitor (everolimus) has
been approved for other cancers (88), showing good efficacy
and tolerability (89).

The combination of sunitinib plus the mTOR inhibitor
rapamycin is also clinically well tolerated (90) and showed
efficacy in at least 1 SDHB-mutant metastatic PPGL patient
described in the literature (64). Stable disease was observed
until the end of the observation period (3 years after initiating
sunitinib, 18 months after addition of rapamycin), suggesting
that molecular targeted combination therapies may prolong PFS
at effective and clinically well-tolerated low doses. However,
further clinical studies are warranted in metastatic PPGLs.

Combination therapy: tipifarnib plus TKI

A phase 1 trial of tipifarnib plus the TKI sorafenib in thy-
roid cancer showed good tolerability and promising results
through inhibition of Ras/Raf/MAPK kinase/ERK and RET
kinase pathways (n = 35, 8 BRAF-mutant, 8 RET-mutant,
median PFS 18 months, overall survival at 24 months
80%) (91). These results also suggest a particular effi-
cacy of combination therapy using inhibitors of the kinase
signaling pathways, and this may potentially be transfer-
able to PPGL patients. Furthermore, our preclinical studies
in PPGL primary cultures have also shown notable efficacy
of molecular targeted combination therapy, especially in
cluster 2-, but also in cluster 1-related, PPGL primary
cultures, through multiple targeting of kinase signaling
pathways (65, 87).

Whnt Signaling Inhibitors

Because cluster 3-related PPGLs are relatively rare, there are
no established specific therapies available for these tumors
at the current time. However, targeting Wnt signaling is an-
other therapeutic approach that should be further explored
because these PPGLs harbor an aggressive phenotype with
high metastatic potential (3, 26). Potential therapies include
the Porcupine O-Acyltransferase inhibitor WNT974 and

3-catenin inhibitor PRI-724, which have shown good efficacy
in a preclinical study in neuroendocrine tumor cell lines (92).

Bone-targeted Agents

Because metastatic PPGLs commonly spread to the skeletal
system, the treatment of bone metastases, particularly if symp-
tomatic and progressive, is also an important part of PPGL
therapy. The use of bone-targeted agents such as the mono-
clonal antibody denosumab or the bisphosphonate zoledronic
acid, may be considered as standard practice (42) because they
are effective in reducing the risk of pathologic fractures and
the need for radiation compared with placebo, as shown in a
network meta-analysis (93). Moreover, zoledronic acid may
also reduce neoplastic progression (both breast cancers and
nonbreast cancers), as shown in osteopenic postmenopausal
women (hazard ratio 0.67) (94), through inhibition of cancer
cell proliferation and viability (65, 95). Our own PPGL pri-
mary culture studies have also revealed an antitumor effect of
zoledronic acid in PPGLs (65). Other therapeutic options in the
case of metastases, in the skeleton or other locations, include
conventional external beam radiation therapy, stereotactic
radiosurgery, and interventional radiology (radiofrequency
ablation, cryoablation) (12, 96, 97).

Biotherapy: Somatostatin Analogs

The use of SSTR analogs may be considered in patients with
strong SSTR2 expression (often cluster 1 SDHx-related PPGL)
(12, 42). The rationale comes from patients with metastatic
NETs where both lanreotide and octreotide prolonged PFS (me-
dian PFS lanreotide not reached vs placebo 18 months, estimated
PFS lanreotide at 24 months 65.1% vs placebo 33.0%; median
PFS octreotide LAR 14.3 months vs placebo 6 months) (98,
99). For PPGL patients, data are still lacking: only a few case re-
ports have been published so far (100-103). However, a phase 2
trial on lanreotide in metastatic PPGL patients is now recruiting
(LAMPARA, NCT03946527). One could consider the use of
such analogs in patients with slow progression before the use of
other systemic therapies, given its paucity of adverse effects.

Outlook and Conclusions

Although cluster specific pathogenesis, biochemical phenotyping,
diagnostics, and follow-up are already widely used for PPGLs,
much therapy still remains largely nonspecific (12).

Two anecdotal reports highlight the importance of muta-
tional analysis in determining the optimal therapeutic strategy
for individual PPGL patients. A metastatic PPGL patient with
a novel germline ALK mutation received individualized mo-
lecular targeted therapy with the ALK inhibitor brigatinib,
leading to disease remission and a sustained partial response
until the end of the observation period (10 months after
therapy initiation) (104). Another metastatic nonhereditary
PPGL patient with a novel somatic RET-SEPTIN9 fusion
was accordingly treated with the selective RET inhibitor
selpercatinib, resulting in a partial response after 12 weeks
of treatment and an ongoing treatment response until week
23 (83). Such individualized (particularly molecular targeted)
therapy may therefore follow genetic testing and the mo-
lecular classification of metastatic PPGLs, but both germline
and somatic mutation testing will need to be widely imple-
mented in the management of PPGLs for this to be practicable.

Ongoing trials investigating molecular targeted therapies,
as well as other therapeutic strategies (eg, novel therapeutic
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tumor vaccines together with check-point inhibitors; Spencer,
NCT04187404) and small molecules, such as the DRD2 an-
tagonist ONC201 (NCT03034200), will also provide im-
portant novel data regarding the therapy of metastatic PPGLs.

In conclusion, this mini-review has provided an overview
of the current development and use of novel and promising
molecular targeted therapies in metastatic PPGL patients.
Molecular targeted therapeutics are now being increasingly
clinically applied and are often effective and well tolerated.
Combined molecular targeted therapies are also being studied
with promising results, with a need for awareness of adverse
events. With therapeutic strategies constantly being optimized
and novel treatment strategies being developed and tested, the
outlook for these rare tumors seems promising.
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