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Malignant pheochromocytomas and paragangliomas affect a very small percentage of 
the general population. A substantial number of these patients have a hereditary pre-
disposition for the disease and consequently, bear the risk of developing these tumors 
throughout their entire lives. It is, however, unclear why some patients with no hereditary 
predisposition develop these tumors, which frequently share a similar molecular phe-
notype with their hereditary counterparts. Both hereditary and sporadic tumors usually 
appear at an early age, and affected people often die before reaching their expected 
lifespans. Unfortunately, there is currently no systemic therapy approved for patients 
with this orphan disease. Therefore, pheochromocytomas and paragangliomas are 
very challenging malignancies. The recognition of genetic and molecular abnormalities 
responsible for the development of these tumors as well as the identification of effective 
therapies for other malignancies that share a similar pathogenesis is leading to the devel-
opment of exciting clinical trials. Tyrosine kinase inhibitors, radiopharmaceutical agents, 
and immunotherapy are currently under evaluation in prospective clinical trials. A phase 
2 clinical trial of the highly specific metaiodobenzylguanidine, iobenguane 131I, has pro-
vided impressive results; this radiopharmaceutical agent may become the first approved 
systemic therapy for patients with malignant pheochromocytoma and paraganglioma by 
the United States Food and Drug Administration. Nevertheless, systemic therapies are 
still not able to cure the disease. This review will discuss the development of systemic 
therapeutic approaches using the hallmarks of cancer as a framework. This approach 
will help the reader to understand where research efforts currently stand and what the 
future for this difficult field may be.
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iNTRODUCTiON

Pheochromocytomas and paragangliomas are neuroendocrine tumors derived from the paraganglia. 
Most pheochromocytomas and sympathetic paragangliomas secrete excessive amounts of catecho-
lamines that predispose to elevated blood pressure, palpitations, sweats, anxiety, and gastrointestinal 
disease (1, 2). Patients are prone to develop a catecholamine crisis characterized by a hypertensive 
emergency and cardiovascular events. The excessive secretion of catecholamines is confirmed by 
measuring the plasma concentrations of metanephrines (3). Most patients have localized tumors and 
subsequently, they are cured with surgery (4, 5).
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Malignant pheochromocytomas and paragangliomas are rare 
endocrine cancers. Approximately 100–200 new cases are diag-
nosed every year in the United States (6). The definition of these 
malignancies rests on the presence of metastases because there 
is currently no histological, biochemical, molecular, or genetic 
marker that can clearly differentiate benign from malignant 
tumors (7, 8). Therefore, the World Health Organization has 
recommended classifying pheochromocytomas and paraganglio-
mas as metastatic or nonmetastatic, as a substantial number of 
patients with clinical predictors of metastases can be diagnosed 
and treated before the malignant cells spread to distant sites (7, 9). 
Metastatic pheochromocytomas and paragangliomas (MPPGs) 
frequently spread to regional and distant lymph nodes, bones, 
liver, and lungs (10, 11). Metastases are rarely found in the pan-
creas, breast, central nervous system, or skin (12). As expected, 
patients with MPPG have shorter overall survival (OS) durations 
than do patients with non-MPPGs (10).

Patients with MPPG are mainly treated with systemic chemo-
therapy and radiopharmaceutical agents such as conventional 
131Iodine-metaiodobenzylguanidine (13). The understanding on  
these treatments is difficult as it mainly derives from small, ret-
rospective studies (14). Subsequently, there are no guidelines for 
the treatment of patients with MPPG. Progress toward systemic 
therapies for patients with MPPG has been slow (13) owing  
to the rarity of the disease and the lack of a reliable animal model 
that can mimic a human MPPG phenotype (15, 16). However, the 
recognition of the fundamental genetic and metabolic character-
istics of MPPG and clinical experience with other cancers that 
share similar pathogenetic processes have led to the identifica-
tion of new therapeutic horizons (16–18). Approximately 30% 
of patients with MPPG harbor a germline mutation of the suc-
cinate dehydrogenase subunit B of the mitochondrial enzymatic 
complex 2 gene (SDHB) (19). Tumors with SDHB mutations are 
characterized by abnormal angiogenesis and a hypervascular 
phenotype (20). SDHB tumors also display intense DNA hyper-
methylation and upregulation of the epithelial-to-mesenchymal 
transition, which fosters distant spread (21–23). In addition, these 
tumors express cell membrane glucose transporters and activate 
glucose phosphorylation to support their energetic demands 
(24). Because SDHB-associated MPPGs are very avid for glucose, 
positron emission tomography with fludeoxyglucose (FDG-PET) 
is a sensitive test to identify the disease (25). Interestingly, many 
patients with MPPG do not harbor germline mutations; their 
tumors are considered apparently sporadic. However, many 
apparently sporadic tumors exhibit a very similar molecular 
phenotype to the one observed in SDHB-associated tumors 
(20). In addition, gastrointestinal stromal tumors and renal cell 
clear cell, medullary thyroid, and pancreatic neuroendocrine 
carcinomas share some crucial pathogenetic characteristics with 
MPPG (26–29). Therapeutic progress on these tumors has helped 
in identifying potential therapies for patients with MPPG (30).

Scientific efforts have identified several biological capabilities, 
called the “hallmarks of cancer,” that are essential for the forma-
tion of cancer in humans (31). These hallmarks are distinctive 
and complementary abilities acquired by cancer cells that enable 
tumor growth and metastatic dissemination. Cancer cells have the 
ability to sustain proliferative signaling, evade growth-inhibiting 

signals, evade apoptosis, enable replicative immortality, sustain 
angiogenesis, and invade and metastasize (31). In addition, they 
can reprogram energy metabolism and evade immune destruction 
(31). They provide a solid conceptual foundation for understand-
ing the biology of cancer (31). As in other cancers, the survival of 
MPPG cells likely depends on a combination of these hallmarks. 
This review will discuss the development of systemic therapeutic 
approaches for patients with MPPG using the hallmarks of cancer as 
a framework. We will also assess the value of surgical resection and 
traditional therapies such as chemotherapy for patients with MPPG.

SURGeRY

The early resection of a pheochromocytoma or a sympathetic 
paraganglioma may cure the disease. In fact, more than 90% of 
patients with nonmetastatic disease treated with surgery are alive 
5  years after initial diagnosis (10). The surgical approach (i.e., 
open laparotomy or laparoscopy) must be carefully selected on 
the basis of the presence of clinical predictors of aggressiveness, 
such as the size and location of the primary tumor and the pres-
ence of SDHB mutations (32). In patients with subdiaphragmatic 
primary tumors larger than 5 cm, an open laparotomy allows bet-
ter visualization of the lymph nodes and is associated with a lower 
risk of tumor rupture than are laparoscopic procedures (32).

Over the last 20 years, clinical experience has suggested that 
it may be best to observe most patients with head and neck 
paragangliomas (33). Because of their parasympathetic origin, it 
is exceedingly rare to find a head and neck paraganglioma that 
secretes noradrenaline; consequently, these patients are not prone 
to hormonal syndromes. In addition, these tumors are rarely met-
astatic (34) and subsequently, no TNM staging has been proposed 
yet for head and neck paragangliomas (30). Most importantly, 
their intimate contact with neurovascular structures increases the 
risk of intraoperative vascular accidents and postoperative low 
cranial nerve neuropathy (35).

Patients with MPPG will most likely not be cured by surgery 
unless they present with only regional lymph node metastases or 
small, localized, and resectable distant metastases. Nevertheless, 
patients with noncurable MPPG may still benefit from surgical 
resection of the primary tumor (32). Resection of the primary 
tumor may decrease the catecholamine surge associated with 
these tumors and improve hormonal symptoms (32); patients may 
consequently have a lower risk for cardiovascular and gastrointes-
tinal morbidity. Furthermore, resection of the primary tumor is 
associated with an improvement in OS regardless of performance 
status, tumor burden, genetic profile, or hormonal status (32), 
likely because of a lower rate of metastatic spread, as patients 
exhibit similar OS rates irrespective of their hormonal status (32).

CHeMOTHeRAPY

Understanding the role of chemotherapy in patients with MPPG 
is challenging. Chemotherapy decreases the tumor’s ability to 
sustain proliferative signaling, which underlies its abnormal 
cell growth and division. However, chemotherapy does not 
induce complete responses; in fact, retrospective studies have 
shown variable responses. The difficulties faced by clinicians are 
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highlighted by a recent systematic review and meta-analysis of 
all published studies on the topic of chemotherapy for MPPG 
(14). Of 459 potential studies, only 4 (<1%) were of high enough 
quality for inclusion in the meta-analysis (36–39). These four 
studies included consecutive patients, had an adequate descrip-
tion of diagnostic and therapeutic interventions, employed a 
clear definition of and evaluation criteria for tumor response, and 
had few or no lost patients during follow-up. The results of this 
meta-analysis suggested that approximately 37% of patients with 
MPPG respond to systemic chemotherapy with a combination 
of cyclophosphamide, vincristine, and dacarbazine (14). Patients 
generally did not have complete responses. However, some had 
improved blood pressure control and apparent improvement in 
the symptoms of catecholamine excess attributable to a reduction 
in tumor size or stabilization of disease (14). Only one study—
the largest one—suggested that MPPG patients whose tumors 
responded to chemotherapy had longer OS than did patients 
without a tumor response (36). This study was also the only one 
that clearly indicated chemotherapy for patients with progressive 
disease (36). Therefore, the results of this meta-analysis may have 
overestimated the rate and scale of MPPG response to chemo-
therapy (14). Toxicity related to chemotherapy varies and duration 
of therapy has not been determined yet. A maintenance regimen 
with dacarbazine or temozolomide may improve chemotherapy 
long-term efficacy (16, 40).

THe HALLMARKS OF CANCeR  
AND MPPG

The tumor growth observed in patients with MPPG clearly 
demonstrates that sustained proliferative signaling allows the 
excessive activation of the cell division cycle in these tumors.  
As in other malignancies, this process is in part mediated by 
tyrosine kinase receptors. The interaction of growth factors with 
these receptors activates signaling pathways that modulate the cell 
cycle and cell growth; these signals also control cell survival and 
energy metabolism (20). MPPGs are frequently characterized by 
a tumor environment of pseudohypoxia, which leads to deregu-
lation of cellular energetics, abnormal activation of proliferative 
pathways, tumor inflammation and necrosis, and activation and 
recruitment of cells that prevent immune system recognition of 
the tumor. MPPGs associated with SDHB mutations and other 
MPPGs associated with an environment of pseudohypoxia (i.e., 
those with germline mutations in regulatory genes of the other 
subunits of the mitochondrial enzymatic complex 2, fumarase, or 
the protein von Hippel-Lindau disease) exhibit a phenotype char-
acterized by large intratumor concentrations of vascular endothe-
lial growth factors (VEGFs), platelet-derived growth factor beta 
(PDGF-β), epidermal growth factors, fibroblast growth factors, 
and others; their cognate receptors are also overexpressed by 
these tumors (20, 41). The stabilization of the hypoxia-inducible 
factor (HIF) under conditions of pseudohypoxia is responsible for 
the overexpression of genes responsible for the synthesis of these 
growth factors and their receptors (20). Hereditary mutations 
also confer advantages to specific clones that benefit from, for 
instance, the activation of epigenetic mechanisms such as DNA 

hypermethylation (22, 42). Mutations of the EPAS1 gene, which 
codes for the HIF-2α, have been described in 6% of patients with 
pheochromocytoma and paraganglioma and strongly suggest 
a pathogenic and, therapeutically speaking, targetable role for 
hypoxia (43, 44). This gene controls several proteins involved in 
cell division, angiogenesis, and red blood cells production (43). 
In addition, somatic activating mutations of certain receptors 
may result in structural modifications that lead to independent 
signaling activation. Recently, activating mutations of the c-Met 
receptor have been described in MPPG (45).

Along with the sustained proliferative signaling supported 
by pseudohypoxia, MPPG cells exhibit deregulation of cellular 
energetics (46). These tumors compensate for pseudohypoxia 
with increased expression and activity of glucose transporters 
and glycolytic regulatory enzymes such as hexoquinases and 
pyruvate and lactate dehydrogenases (17). The resulting negative 
energetic balance may lead to necrosis, which in turn leads to 
activation of inflammatory cells that contribute to tumor cell 
growth and angiogenesis. Neoangiogenesis, necrosis, and inflam-
mation, DNA hypermethylation, and other mechanisms activate 
the epithelial-to-mesenchymal and mesenchymal-to-epithelial 
transition pathways that lead to the development of metastases 
(31). Activating c-Met mutations may also facilitate the distant 
spread observed in some MPPGs (45).

Somatic mutations in other genes may also activate downstream 
pathways. For example, RAS mutations have been described in 
pheochromocytomas and paragangliomas (47, 48). These muta-
tions predict a constitutive activation of the mitogen-activated 
protein kinase and phosphoinositide 3-kinase (PI3K) pathways, 
leading to abnormal proliferation of pheochromocytoma and 
paraganglioma cells. RAS mutations have not, however, yet been 
associated with a clear MPPG phenotype (47, 48).

Metastatic pheochromocytomas and paraganglioma cells 
require unlimited replicative capacity in order to create a macro-
scopic tumor. In fact, MPPGs are frequently characterized by large 
primary tumors and massive metastases (32). This implies that 
MPPGs are able to overcome the two mechanisms that prevent 
cell immortality: senescence and death/crisis. The telomeres 
that protect the ends of the chromosomes are strongly involved 
in the regulation of this hallmark (31). The maintenance of 
telomeric DNA is linked with tumor cell immortalization. 
The polymerase telomerase extends telomeric DNA by adding 
telomere repeat segments, preventing senescence; the loss or 
erosion of telomeres may trigger the senescence process (49). 
Recently, somatic mutations of telomerase have been identified 
in MPPG (50). In addition, noncanonical roles of telomerase and 
its subunit telomerase reverse transcriptase may also contribute 
to the development of MPPG (50). Mutations in ATRX which is 
involved in chromatin remodeling have been described in some 
MPPG tumors (51, 52).

In order to survive, MPPG cells also require mechanisms 
that allow them to evade apoptosis and immune system recogni-
tion. TP53-inactivating mutations have been described in some 
MPPGs, and abnormal activation of the PI3K and mechanistic 
target of rapamycin pathways has also been observed in MPPGs 
(18, 53). Somatic NF1 mutations may inhibit autophagy in MPPG 
cells (54). Recently, a great deal of interest in oncology has been 

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive


FiGURe 1 | The 10 hallmarks of cancer and metastatic pheochromocytomas and paragangliomas (MPPGs). This figure describes the 10 hallmarks of cancer and 
several mechanisms identified to date in patients with MPPG that contribute to their tumor development.

4

Jimenez Malignant Pheochromocytoma/Paraganglioma Treatment

Frontiers in Endocrinology | www.frontiersin.org May 2018 | Volume 9 | Article 277

focused on the identification of therapies that may enhance the 
immune system recognition of tumor cells. Several mechanisms 
that prevent immune system recognition have been described in 
cancers characterized by hypoxia and pseudohypoxia (55).

It is important to emphasize that like in other malignan-
cies, the microenvironment determines the joint success of 
the hallmarks of cancer (56). Preclinical studies have shown 
that the production of lactate by cancer activated fibroblasts 
stimulates the migration of SDHB silent pheochromocytoma cells  
(57). Furthermore, clinical evidence reveals that MPPG cells— 
irrespective of their genotype—are very much attracted by the 
bone microenvironment (58). As it will described later, this 
finding supports exploring medications such as cabozantinib 
for patients with bone metastases. Figure  1 summarizes the 
hallmarks of cancer in the context of MPPG.

NOveL THeRAPieS FOR MPPG 
ACCORDiNG TO THeiR eFFeCTS ON  
ONe OR MORe HALLMARK CAPABiLiTieS

inhibition of Angiogenesis and 
Proliferative Signaling: Pazopanib  
and Sunitinib
Pazopanib and sunitinib block the VEGF-1, -2, and -3, PDGF-α 
and -β, c-Kit, fms-related tyrosine kinase 3, and ret proto-oncogene 

(RET) receptors. As such, these medications prevent neoangio-
genesis, cell growth, and cell migration and may induce apoptosis 
(59, 60).

Sunitinib was the first tyrosine kinase inhibitor recognized as 
a potential treatment for patients with MPPG (61). A retrospec-
tive study of 17 patients treated with sunitinib provided useful 
information that has helped in designing prospective trials (62). 
These patients did not have a response to chemotherapy or 
had contraindications to chemotherapy. Thirteen patients had 
measurable disease, and four patients had predominant bone 
metastases. Three patients discontinued sunitinib therapy early 
because of adverse events and were not evaluable for objective 
response; 10 patients with measurable disease were evaluable, 
and the objective response rate (ORR) was 30%. In addition, 
one patient had stable disease with some degree of regression. 
Patients with partial responses and stable disease also saw 
improvement in their symptoms of catecholamine excess; their 
blood pressure normalized, and two patients discontinued all 
antihypertensive therapies for some time. Six patients had no 
response to sunitinib. The four patients with nonmeasurable 
disease (bone metastases) exhibited a substantial reduction 
of glucose uptake as assessed via FDG-PET imaging and had 
improved blood pressure control (62).

Sunitinib treatment had clinical benefits in both carriers of 
SDHB mutations and patients with apparently sporadic tumors 
(62). The progression-free survival (PFS) (the length of response 
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duration) was, however, not very impressive (4.1 months). The 
study was in fact an intention-to-treat analysis that included the 
three nonevaluable patients in the final evaluation of PFS. Some 
patients, nonetheless, exhibited a durable response to sunitinib; 
the longest response lasted 3  years. The study concluded that 
some patients with MPPG may benefit from antiangiogenic 
therapies such as sunitinib (62). However, the dose of sunitinib 
must be carefully chosen, and adverse events should be prevented 
or treated aggressively with dose adjustment and/or interventions 
to prevent exacerbation of hypertension or symptoms such as 
pain. The FIRSTMAPPP trial (NCT01371201) is a multinational 
phase 2 study evaluating sunitinib in patients with MPPG. The 
intervention group receives 37.5  mg sunitinib daily. This dose 
of sunitinib is lower than the dose currently approved for the 
treatment of patients with kidney cancer (50 mg daily, 4 weeks 
on, 2 weeks off). The lower dose may be associated with a better 
safety profile.

Pazopanib was tested in a phase 2 clinical trial involving patients 
with MPPG (63). The intervention group received 400 mg pazo-
panib daily for 2 weeks of the first cycle, then 800 mg for 2 weeks 
of the second cycle, followed by 800 mg daily for the whole of the 
subsequent cycles. Patients needed to have measurable disease, as 
the primary endpoint was ORR. Of the seven recruited patients, 
only one patient exhibited a confirmed partial response of −57%. 
This patient’s response to pazopanib lasted for approximately 
2  years. Four patients had disease progression. Almost every 
patient exhibited hypertension; severe hypertension was noted in 
50% of patients, including one patient who developed Takotsubo 
cardiomyopathy. The serious cardiovascular adverse events hap-
pened once the dose of pazopanib was titrated to 800 mg daily. 
The trial was terminated because of poor accrual (63).

This trial aimed to evaluate pazopanib as a potential thera-
peutic option for MPPG patients because previous comparative 
studies in patients with kidney cancer suggested that pazopanib 
was better tolerated than sunitinib (64, 65). Later, however, it was 
recognized that these studies had several pitfalls related to patient 
selection and quality-of-life assessment (66); more importantly, 
clinical practice indicated that patients treated with sunitinib 
and pazopanib had, in reality, similar compliance patterns. Thus, 
clinical considerations, including the physician’s experience, 
should determine treatment choices. Pazopanib could prove 
to be an effective medication to treat MPPG. Nevertheless, it is 
important to remember that MPPGs are very challenging tumors; 
in addition to a large tumor burden, MPPGs frequently secrete 
excessive amounts of catecholamines that predispose patients to 
cardiovascular disease. A pazopanib dose of 800  mg daily was 
likely too high to tolerate.

inhibition of Angiogenesis: Axitinib
Pseudohypoxia activates angiogenesis through stimulating the 
synthesis and secretion of VEGFs by MPPG cells. Axitinib is 
a potent antiangiogenic medication that has been approved by 
regulatory agencies for the treatment of patients with kidney 
cancer. Axitinib inhibits VEGFR-2 but does not inhibit other 
receptors involved in angiogenesis such as PDGFR-β. For this 
reason, axitinib is expected to cause fewer adverse events than 
multi-tyrosine kinase inhibitors that also target angiogenesis (67).

A phase 2 clinical trial of axitinib (NCT01967576) enrolled 
11 patients (68). The primary endpoint was PFS, and secondary 
endpoints included ORR and safety. The intervention was 5 mg 
axitinib given twice daily. The dose of axitinib was increased to 
7–10 mg twice daily in patients who did not experience side effects 
more severe than grade 2 hypertension. Approximately 36% of 
patients achieved a partial response, and 54% had stable disease. 
Of those with stable disease, half had some degree of regression. 
Only one patient exhibited disease progression. The ORR was 
36% (68). No patients tolerated the starting dose of 5 mg twice 
daily for a long period of time because they developed hyperten-
sion. Hypertension was common and frequently serious. About 
82% of patients had grade 3–4 hypertension and required dose 
reduction or discontinuation of therapy (68). The trial is currently 
closed for recruitment.

inhibition of Angiogenesis, Proliferative 
Signaling, and invasion and Metastasis: 
Cabozantinib
Cabozantinib is a multi-tyrosine kinase inhibitor approved for the 
treatment of patients with medullary thyroid and clear cell renal 
cell carcinomas. Cabozantinib is perhaps, the most potent antian-
giogenic medication available in clinical practice. Cabozantinib 
inhibits VEGFR-2 as well as the RET and c-Met receptor pathways 
(69, 70). Although the inhibition of the RET receptor pathway may 
not be of interest for the treatment of the great majority of patients 
with MPPG (malignant pheochromocytomas are an exceptional 
phenotype of patients with multiple endocrine neoplasia type 2, 
which is associated with RET mutations) (71), the inhibition of 
the c-Met pathway may indeed be of interest. MET activation is 
a universal mechanism that drives cell survival, invasion, and 
metastasis in many cancers and cooperates with the VEGFR 
pathways to promote tumor angiogenesis (72). Upregulation 
of the c-MET pathway occurs as a consequence of the VEGFR 
inhibition, leading to tumor resistance to antiangiogenic medica-
tions and escape from VEGFR inhibition (72). Inhibition of the 
c-Met pathway may delay the development of tumor resistance 
and improve clinical outcomes (73). Patients with kidney cancer 
treated with cabozantinib exhibit significantly longer PFS than 
do patients treated with sunitinib (74). Cabozantinib is also an 
interesting medication to study in MPPG patients because of its 
potential impact on the bone microenvironment. Cabozantinib 
has been associated with palliation of bone pain, improvement of 
anemia, modulation of bone turnover, and bone scan resolution 
in patients with malignancies frequently associated with bone 
metastases (75). MPPG frequently spreads to the bones, predis-
posing patients to overwhelming skeletal-related events (58, 76).

A phase 2 clinical trial of cabozantinib is currently ongoing 
(NCT02302833). The primary endpoint of this study is ORR. 
The trial includes an exploratory branch of patients with MPPG 
with predominant bone metastases. The intervention is 60  mg 
cabozantinib daily with dose titration to 40 or 20 mg depending 
on patients’ toleration of adverse events. Patients require objec-
tive evidence of disease progression to be included in the trial. 
Preliminary results in 10 patients with measurable disease showed 
an ORR of 40% (77). Half of patients had stable disease, and only 
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one patient did not have a response to therapy. All patients with 
stable disease had tumor regression; the clinical benefit rate was 
90% (77). In addition, all patients with bone metastases exhibited 
a reduction of glucose uptake as demonstrated by FDG-PET. 
Patients with hormonally active tumors associated with partial 
responses or stable disease exhibited improvement of symptoms of 
catecholamine excess, including diabetes mellitus and hyperten-
sion (77). No patients experienced severe hypertension. However, 
most patients required dose reduction because of grade 2 fatigue 
or hand-foot syndrome. Two patients required dose reduction 
because of asymptomatic grade 3 elevation of pancreatic enzymes 
and formation of a rectal fistula, respectively (77). This clinical 
trial is actively recruiting participants.

induction of Cell Death and Prevention  
of Replicative immortality: iobenguane  
131i and 177Lu-DOTATATe
The radiopharmaceutical metaiodobenzylguanidine (MIBG) 
was created in 1979 (78). MIBG is labeled with 131I at the meta-
position and is taken up by the noradrenaline transporter. Once 
inside the tumor cell, MIBG releases lethal radiation that causes 
severe DNA damage, inhibiting cell proliferation and causing cell 
death. Up to 80% of MPPG patients have tumors that express the 
noradrenaline transporter in the cell membrane (79). Responses 
to MIBG are, however, limited, with only 30% of MPPG patients 
seeing a clinical benefit (80). The limited benefits associated 
with MIBG are likely attributable in part to its manufacturing 
process (81). MIBG is produced by a simple isotope exchange 
that leaves a large amount of unlabeled MIBG, called cold MIBG, 
in each dose. Cold MIBG may compete with labeled MIBG for 
the noradrenaline transporter, preventing the uptake of labeled 
MIBG and decreasing the tumor’s exposure to radiation. MIBG 
delivers low levels of radioactivity per dose (~1.59 MBq/μg) (82). 
In addition, cold MIBG may compete with noradrenaline for the 
noradrenaline transporter, increasing the concentrations of cir-
culating noradrenaline and predisposing to cardiovascular events 
during or shortly after the drug’s administration (83). Iobenguane 
131I is also MIBG labeled with 131I at the meta-position. Unlike 
conventional MIBG, iobenguane 131I is produced from a solid-
phase ultratrace precursor that eliminates the presence of cold 
MIBG. Iobenguane 131I is, then, a highly specific radiopharma-
ceutical agent that delivers very high levels of radioactivity per 
dose (~92.5  MBq/μg). Furthermore, iobenguane 131I may be 
associated with a lower rate of cardiovascular events than con-
ventional MIBG (84).

A phase 1 dose-escalation study of iobenguane 131I in patients 
with MPPG determined the maximum tolerated dose to be 
296  MBq/kg (8  mCi/kg) (85). A pivotal phase 2b clinical trial 
of iobenguane 131I was then developed, with an intervention of 
2–500 mCi doses of iobenguane 131I separated by a period of at least 
3 months depending on bone marrow toxicity. This trial recruited 
81 patients, 68 of whom had MIBG-avid tumors and received 
at least one therapeutic dose of iobenguane 131I. Fifty patients 
received two doses of iobenguane 131I (86). The trial’s primary 
endpoint was clinical: the number of patients who had at least a 
50% reduction in the dose and number of antihypertensives for at 

least 6 months. Secondary endpoints included ORR, OS, and safety 
(86). One-quarter of patients achieved the primary endpoint, and 
many of the patients who did not achieve the primary endpoint 
nonetheless had improvement of hypertension with a reduction 
of less than 50% in the dose and number of antihypertensives 
(86). Almost all patients had a tumor response. Partial responses 
and stable disease were noted in 30 and 68%, respectively, of 
patients treated with two doses (86). The proportion of patients 
who experienced a partial response increased over time, sug-
gesting that iobenguane 131I has persistent antitumor effects (86). 
Overall, 90% of patients treated with two doses continued to have 
a partial response or stable disease 12 months after receiving the 
initial dose (86). The most common treatment-emergent adverse 
events were consistent with expected radiation-related risks: bone 
marrow suppression, nausea and vomiting, fatigue, and dizziness. 
Hematological toxicities resolved within 4–8 weeks and without 
the need for stem cell transplantation (86). On the basis of these 
findings, the United States Food and Drug Administration granted 
breakthrough therapy and fast-track designation to iobenguane 
131I for the treatment of MPPG.

Peptide receptor radionuclide therapy (PRRT) is a molecu-
lar therapy used to treat neuroendocrine tumors. Examples 
of PRRT agents include 177Lu-DOTATATE and 90Y-DOTATE. 
177Lu-DOTATATE is approved for the treatment of patients with 
somatostatin receptor-positive gastroenteropancreatic neuro-
endo crine tumors. This radiopharmaceutical binds to the soma-
tostatin receptors present at the tumor cell membrane, delivering 
lethal radiation. MPPGs usually express somatostatin receptors. 
In fact, the sensitivity of 68Ga-DOTATATE positron emission 
tomography/computed tomography imaging in patients with 
MPPG seems to be higher than that of MIBG scans (87, 88). This 
observation makes 177Lu-DOTATATE an interesting medica-
tion to evaluate in clinical trials. Initial prospective studies of 
177Lu-DOTATATE and 90Y-DOTATE included occasional patients 
with MPPG. Response rates were disappointing, with less than 
10% of these patients exhibiting a clinical benefit (89, 90). This 
observation contrasted with the higher sensitivity of octreotide 
scintigraphy compared with MIBG scans. Investigators hypoth-
esized that MPPGs may have inappropriate expression of soma-
tostatin receptor subtypes and/or processing errors that caused 
the lack of response to octreotide and its analogs (91). In fact, 
molecular studies in a few MPPG specimens have found minimal 
or no expression of the somatostatin receptor 2 (92). DOTATATE 
mainly targets this receptor (93). Recently, however, the interest 
in 177Lu-DOTATATE for the treatment of patients with MPPG 
has been reactivated. A retrospective study of patients with 
MPPG treated with MIBG (n = 16), 90Y-DOTATE (n = 12), or 
177Lu-DOTATATE (n = 2) suggested that PRRT offered better OS 
and PFS than did conventional MIBG (94). Nevertheless, this 
study had several limitations. The sample size was very small, the 
treatment groups for comparison were quite heterogeneous, and 
the authors did not conduct a multivariate or propensity score 
analysis to reduce bias. Nevertheless, individual clinical observa-
tions suggested that some patients benefited from PRRT (94). In a 
more recent retrospective study of 20 patients with MPPG treated 
with 177Lu-DOTATATE, 29% had partial responses and 62% had 
stable disease 3 months after therapy (95). Fourteen patients had 
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hypertension, and only six patients had disease progression before 
treatment was provided. Nine patients received radiosensitizing 
chemotherapy. Some reduction in the dosage of antihypertensive 
medications was observed in 62% of the patients with hyper-
tension (95). However, the small and heterogeneous sample of 
this study, the fact that most patients had stable disease before 
treatment, and the simultaneous use of chemotherapy hinder 
the interpretation of this study’s results. Therefore, a prospective 
clinical trial is required to prove the efficacy of PRRT in patients 
with MPPG.

Regulation of Cellular energetics:  
HiF inhibitors
Several medications that inhibit the HIF-2α pathway have been 
tested in patients with cancer. Most of these medications have 
been shown not to be very effective and have not moved from 
phase 1 to phase 2 clinical trials (96). Crystallography identified 
a large protein cavity within the HIF-2α PAS-B domain. This 
cavity is the target of potent 130 HIF-2α inhibitors (PT2385 and 
PT2977) (97). Recently, PT2385 was evaluated in a phase 2 clinical 
trial for heavily pretreated patients with progressive renal cancer 
(98). Several patients had partial responses, and one patient had 
a complete response. Interestingly, side effects were minimal 
(98). These drugs have not been tested in patients with MPPG. 
An investigator-initiated proposal for a phase 2 clinical trial of 
PT2977 for MPPGs is under evaluation by regulatory agencies.

enhancement of immune System  
Tumor Recognition: interferon  
and Pembrolizumab
Pseudohypoxia causes inactivation of cytotoxic T-cell lympho-
cytes, activation of immune-suppressive monocytes, increased 
adenosine production, and increased expression of the immune 
checkpoint protein programmed death-ligand 1 (PD-L1) and its 
receptor, among many other immune system disarrangements 
(55, 99, 100).

One of the first immunotherapies introduced to clinical prac-
tice was interferon alpha-2b. Interferon alpha-2b activates natural 
killer cells that can recognize and destroy cancer cells and has been 
used for the treatment of patients with gastroenteropancreatic 
neuroendocrine tumors, melanoma, and kidney cancer. Some of 
these patients had clinical benefits, with disease stabilization and 
occasional partial responses (101). These findings correlated with 
histological evidence of tumor necrosis. For many years, inter-
feron alpha-2b and octreotide analogs were considered the pillars 
of treatment for patients with gastroenteropancreatic neuroendo-
crine tumors (102). As MPPGs are also neuroendocrine tumors, 
occasionally patients were also treated with interferon alpha-2b. 
A recent retrospective study of 14 patients with progressive 
MPPG who were treated with interferon alpha-2b showed that 12 
patients had disease stabilization and 2 had partial responses (103).  
Baseline PFS was 9.4 months, while the PFS of patients treated 
with interferon alpha-2b was 17.2 months. This study suggested 
that immunotherapy could have a positive impact on patients 
with MPPG (103). Prospective studies of interferon alpha-2b in 
other malignancies had several methodological problems (101); 

furthermore, the side effects of this drug, including fatigue, 
depression, flu-like syndrome, renal failure, and liver toxicity, 
substantially alter patients’ quality of life and frequently lead to 
therapy discontinuation (104). Consequently, interest in inter-
feron alpha-2b has declined.

Over the last decade, several novel immune therapies have been 
developed. These medications target immune-related molecular 
pathways such as the cytotoxic T-lymphocyte-associated protein 
4 and PD-L1/PD-1 pathways. These pathways, among others, 
play an important role in the recognition of the cancer cell by 
the immune system. These immune checkpoint inhibitors are 
approved for the treatment of several malignancies, including 
melanoma, kidney cancer, and non-small cell lung cancer. 
Prospective studies have demonstrated disease stabilization, 
partial responses, and sometimes disease resolution (105–107). 
Although serious adverse events—mainly autoimmune events—
have been described, for the most part patients tolerate these 
medications well (105–107). A phase 2 clinical trial of the PD-1 
inhibitor pembrolizumab for patients with MPPG is currently 
underway. This study hypothesizes that the administration of 
single-agent pembrolizumab to patients with PD-L1-positive 
MPPG will result in a nonprogression rate of greater than 20% 
(based on RECIST 1.1 criteria) at 27  weeks (nine cycles). The 
study is actively recruiting patients (NCT02721732).

wHeRe ARe we GOiNG?

Clinical and basic research studies have revealed that replicative 
immortality, upregulated and sustained proliferative signaling, 
genome instability (single mutations), inflammation, deregula-
tion of cellular energetics, angiogenesis, and activation of mecha-
nisms responsible for invasion and metastasis are hallmarks of 
the development of MPPG that could be effectively targeted with 
available treatments. MPPG treatments, then, can be categorized 
on the basis of their actions on one or more of these hallmark 
capabilities. As detailed above, each potential therapy for 
patients with MPPG typically targets only one or two hallmark 
capabilities. Preliminary results from prospective clinical trials 
and observations derived from retrospective studies strongly 
suggest that angiogenesis is a predominant druggable hallmark 
of MPPG. Patients treated with angiogenesis inhibitors have 
indeed exhibited clinical benefits such as tumor size reduction 
and improvement of hormonal symptoms. However, although 
individual clinical responses may sometimes last for several years, 
these responses are, in general, transitory (108). The development 
of resistance is not exclusive to therapies that target angiogenesis; 
it is also expected with other therapies because they target a 
limited number of MPPG hallmark capabilities (109). In fact, 
cancer cells may, over time, acquire other capabilities that lead to 
treatment resistance, tumor recurrence, and disease progression.

In addition, each of the hallmark capabilities is regulated by 
partially redundant molecular pathways, and individual targeted 
therapies may not fully downregulate all of the molecular path-
ways responsible for a specific hallmark capability. Therefore, 
some MPPG cells may survive and adapt over time to the 
biological impositions of targeted therapies. These adaptive 
mechanisms may include the development of new mutations, the 
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remodeling of cells’ epigenetic characteristics, and modifications 
of their microenvironment. Single medications or combined 
therapies that target several hallmark capabilities at the same 
time may produce a higher rate of response and more durable 
benefits. However, patients receiving such treatments might be 
more prone to develop severe adverse events than are patients 
treated with medications that target only one or two capabilities. 
Therefore, the dose and administration of these drugs must be care-
fully calibrated in order to achieve the best possible therapeutic 
response while minimizing the severity of side effects. The phase 
2 clinical trial of cabozantinib discussed above, for instance, is 
exploring this concept. It is also important to develop clinical 
trials that combine therapies with different and complementary 
mechanisms of action. There are currently no such trials for 
patients with MPPG, and any such trial will likely need to be 
preceded by a phase 1 trial to evaluate dosage and safety.

Our current knowledge about the hallmarks of cancer suggests 
that exploring other therapeutic options for patients with MPPG 
may be helpful. Telomerase inhibitors that can modulate replica-
tive immortality, poly (ADP-ribose) inhibitors that can stabilize 
the genome, selective anti-inflammatory medications, inhibitors 
of the hepatocyte growth factor and c-Met pathways that can stop 
invasion and metastasis, proapoptotic Bcl-2 homology domain 3 
inhibitors that can prevent resistance to cell death, cyclin-dependent  
kinase inhibitors that can enhance the activity of growth suppres-
sors, aerobic glycolysis inhibitors, and epidermal growth factor 

receptor inhibitors that can prevent sustained proliferative signaling 
all are potential medications to evaluate in clinical trials (Figure 2).

Metastatic pheochromocytomas and paraganglioma is an 
orphan disease with no Food and Drug Administration-approved 
therapies. The final results of the phase 2 pivotal clinical trial with 
iobenguane 131I are sound and impressive (86). Given the rarity of 
MPPG, it would be very difficult to develop a phase 3 clinical trial, 
so regulatory agencies should consider approving iobenguane 
131I for the treatment of patients with MIBG-avid MPPG. If such 
approval is granted, iobenguane 131I may become the first-line 
treatment for many patients with MPPG. Clinical trials with multi-
tyrosine kinase inhibitors, HIF inhibitors, 177Lu-DOTATATE, and 
pembrolizumab would become therapeutic options to explore in 
patients with non-MIBG-avid MPPG, patients with MIBG-avid 
tumors that do not respond to iobenguane 131I, and patients who 
have contraindications for iobenguane 131I therapy.

CONCLUSiON

The available treatments for MPPG are, so far, not curative; 
research is needed to evaluate therapies with novel mechanisms 
of action. The use of tyrosine kinase inhibitors, radionuclide 
agents, and immune therapy may improve the outcomes of 
patients with MPPG and should be studied in clinical trials. It is 
always important to treat and prevent hormonal complications 
and symptoms that derive from direct drug toxicity, so drug doses 
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must be carefully selected. Clinical trials combining therapies that 
target several hallmarks of MPPG in a simultaneous or sequential 
manner are an essential goal of MPPG research.

AUTHOR CONTRiBUTiONS

CJ has written this invited review manuscript. CJ created the 
manuscript structure, abstract, sections, figures, and chose the 
references. CJ is the only author of this manuscript.

ACKNOwLeDGMeNTS

The author acknowledges Dr. Amy Ninetto from the Depart-
ment of Scientific Publications at The University of Texas MD 

Anderson Cancer Center for the thorough editing provided 
to this manuscript. The author would like to thank very much 
Ms. Natalie Papadam, Mr. Peter Liu, the Team Nat Foundation,  
Ms. Margaret Cazalot, Ms. Marle Granek, and Dr. Catherine 
Cotton for their immense support to develop clinical trials for 
patients with malignant pheochromocytomas and paraganglio-
mas. Thanks to their inspiration and support, patients have new 
hope.

FUNDiNG

This publication was supported by the Team Nat Foundation 
and the Cazalot Fund for research on pheochromocytoma and 
paraganglioma.

ReFeReNCeS

1. Falhammar H, Kjellman M, Calissendorff J. Initial clinical presentation and 
spectrum of pheochromocytoma: a study of 94 cases from a single center. 
Endocr Connect (2018) 7:186–92. doi:10.1530/EC-17-0321 

2. Thosani S, Ayala-Ramirez M, Roman-Gonzalez A, Zhou S, Thosani N, Bisanz A,  
et al. Constipation: an overlooked, unmanaged symptom of patients with 
pheochromocytoma and sympathetic paraganglioma. Eur J Endocrinol (2015)  
173:377–87. doi:10.1530/EJE-15-0456 

3. Lenders JW, Duh QY, Eisenhofer G, Gimenez-Roqueplo AP, Grebe SK, 
Murad MH, et  al. Pheochromocytoma and paraganglioma: an endocrine 
society clinical practice guideline. J Clin Endocrinol Metab (2014) 99:1915–42. 
doi:10.1210/jc.2014-1498 

4. Abadin SS, Ayala-Ramirez M, Jimenez C, Dickson PV, Liang Y, Lazar AJ, et al. 
Impact of surgical resection for subdiaphragmatic paragangliomas. World 
J Surg (2014) 38:733–41. doi:10.1007/s00268-013-2443-5 

5. Grubbs EG, Rich TA, Ng C, Bhosale PR, Jimenez C, Evans DB, et al. Long-
term outcomes of surgical treatment for hereditary pheochromocytoma. 
J Am Coll Surg (2013) 216:280–9. doi:10.1016/j.jamcollsurg.2012.10.012 

6. Grogan RH, Mitmaker EJ, Duh QY. Changing paradigms in the treatment of 
malignant pheochromocytoma. Cancer Control (2011) 18:104–12. doi:10.1177/ 
107327481101800205 

7. Lam AK. Update on adrenal tumours in 2017 World Health Organization 
(WHO) of endocrine tumours. Endocr Pathol (2017) 28:213–27. doi:10.1007/
s12022-017-9484-5 

8. Wu D, Tischler AS, Lloyd RV, DeLellis RA, de Krijger R, van Nederveen F, 
et al. Observer variation in the application of the pheochromocytoma of the 
adrenal gland scaled score. Am J Surg Pathol (2009) 33:599–608. doi:10.1097/
PAS.0b013e318190d12e 

9. Ayala-Ramirez M, Feng L, Johnson MM, Ejaz S, Habra MA, Rich T, et al. 
Clinical risk factors for malignancy and overall survival in patients with 
pheochromocytomas and sympathetic paragangliomas: primary tumor 
size and primary tumor location as prognostic indicators. J Clin Endocrinol 
Metab (2011) 96:717–25. doi:10.1210/jc.2010-1946 

10. Jimenez C, Rohren E, Habra MA, Rich T, Jimenez P, Ayala-Ramirez M, 
et al. Current and future treatments for malignant pheochromocytoma and 
sympathetic paraganglioma. Curr Oncol Rep (2013) 15:356–71. doi:10.1007/
s11912-013-0320-x 

11. Baudin E, Habra MA, Deschamps F, Cote G, Dumont F, Cabanillas M, et al. 
Therapy of endocrine disease: treatment of malignant pheochromocytoma 
and paraganglioma. Eur J Endocrinol (2014) 171:R111–22. doi:10.1530/EJE- 
14-0113 

12. Srinivasan R, Kini U, Babu MK, Jayaseelan E, Pradeep R. Malignant 
pheochromocytoma with cutaneous metastases presenting with hemolytic 
anemia and pyrexia of unknown origin. J Assoc Physicians India (2002) 50: 
731–3. 

13. Plouin PF, Fitzgerald P, Rich T, Ayala-Ramirez M, Perrier ND, Baudin E, et al. 
Metastatic pheochromocytoma and paraganglioma: focus on therapeutics. 
Horm Metab Res (2012) 44:390–9. doi:10.1055/s-0031-1299707 

14. Niemeijer ND, Alblas G, van Hulsteijn LT, Dekkers OM, Corssmit EP. 
Chemotherapy with cyclophosphamide, vincristine and dacarbazine for 
malignant paraganglioma and pheochromocytoma: systematic review and 
meta-analysis. Clin Endocrinol (2014) 81:642–51. doi:10.1111/cen.12542 

15. Lepoutre-Lussey C, Thibault C, Buffet A, Morin A, Badoual C, Benit P, 
et  al. From Nf1 to Sdhb knockout: successes and failures in the quest for 
animal models of pheochromocytoma. Mol Cell Endocrinol (2016) 421:40–8. 
doi:10.1016/j.mce.2015.06.027 

16. Jimenez P, Tatsui C, Jessop A, Thosani S, Jimenez C. Treatment for malignant 
pheochromocytomas and paragangliomas: 5 years of progress. Curr Oncol 
Rep (2017) 19:83. doi:10.1007/s11912-017-0643-0 

17. Dahia PL. Pheochromocytoma and paraganglioma pathogenesis: learning 
from genetic heterogeneity. Nat Rev Cancer (2014) 14:108–19. doi:10.1038/
nrc3648 

18. Favier J, Amar L, Gimenez-Roqueplo AP. Paraganglioma and phaeochromo-
cytoma: from genetics to personalized medicine. Nat Rev Endocrinol (2015) 
11:101–11. doi:10.1038/nrendo.2014.188 

19. Gimenez-Roqueplo AP, Favier J, Rustin P, Rieubland C, Crespin M, Nau V, 
et al. Mutations in the SDHB gene are associated with extra-adrenal and/or 
malignant phaeochromocytomas. Cancer Res (2003) 63:5615–21. 

20. Dahia PL, Ross KN, Wright ME, Hayashida CY, Santagata S, Barontini M, 
et al. A HIF1alpha regulatory loop links hypoxia and mitochondrial signals 
in pheochromocytomas. PLoS Genet (2005) 1:72–80. doi:10.1371/journal.
pgen.0010008 

21. Loriot C, Burnichon N, Gadessaud N, Vescovo L, Amar L, Libe R, et  al. 
Epithelial to mesenchymal transition is activated in metastatic pheochro-
mocytomas and paragangliomas caused by SDHB gene mutations. J Clin 
Endocrinol Metab (2012) 97:E954–62. doi:10.1210/jc.2011-3437 

22. Letouze E, Martinelli C, Loriot C, Burnichon N, Abermil N, Ottolenghi C, 
et al. SDH mutations establish a hypermethylator phenotype in paragangli-
oma. Cancer Cell (2013) 23:739–52. doi:10.1016/j.ccr.2013.04.018 

23. Loriot C, Domingues M, Berger A, Menara M, Ruel M, Morin A, et  al. 
Deciphering the molecular basis of invasiveness in Sdhb-deficient cells. 
Oncotarget (2015) 6:32955–65. doi:10.18632/oncotarget.5106 

24. van Berkel A, Rao JU, Kusters B, Demir T, Visser E, Mensenkamp AR, et al. 
Correlation between in  vivo 18F-FDG PET and immunohistochemical 
markers of glucose uptake and metabolism in pheochromocytoma and 
paraganglioma. J Nucl Med (2014) 55:1253–9. doi:10.2967/jnumed.114. 
137034 

25. Timmers HJ, Kozupa A, Chen CC, Carrasquillo JA, Ling A, Eisenhofer G, 
et  al. Superiority of fluorodeoxyglucose positron emission tomography to 
other functional imaging techniques in the evaluation of metastatic SDHB-
associated pheochromocytoma and paraganglioma. J Clin Oncol (2007) 
25:2262–9. doi:10.1200/JCO.2006.09.6297 

26. Henegan JC Jr, Gomez CR. Heritable cancer syndromes related to the hypoxia 
pathway. Front Oncol (2016) 6:68. doi:10.3389/fonc.2016.00068 

27. Casey RT, Warren AY, Martin JE, Challis BG, Rattenberry E, Whitworth J,  
et  al. Clinical and molecular features of renal and pheochromocytoma/
paraganglioma tumor association syndrome (RAPTAS): case series and 

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1530/EC-17-0321
https://doi.org/10.1530/EJE-15-0456
https://doi.org/10.1210/jc.2014-1498
https://doi.org/10.1007/s00268-013-2443-5
https://doi.org/10.1016/j.jamcollsurg.2012.10.012
https://doi.org/10.1177/
107327481101800205
https://doi.org/10.1177/
107327481101800205
https://doi.org/10.1007/s12022-017-9484-5
https://doi.org/10.1007/s12022-017-9484-5
https://doi.org/10.1097/PAS.0b013e318190d12e
https://doi.org/10.1097/PAS.0b013e318190d12e
https://doi.org/10.1210/jc.2010-1946
https://doi.org/10.1007/s11912-013-0320-x
https://doi.org/10.1007/s11912-013-0320-x
https://doi.org/10.1530/EJE-
14-0113
https://doi.org/10.1530/EJE-
14-0113
https://doi.org/10.1055/s-0031-1299707
https://doi.org/10.1111/cen.12542
https://doi.org/10.1016/j.mce.2015.06.027
https://doi.org/10.1007/s11912-017-0643-0
https://doi.org/10.1038/nrc3648
https://doi.org/10.1038/nrc3648
https://doi.org/10.1038/nrendo.2014.188
https://doi.org/10.1371/journal.pgen.0010008
https://doi.org/10.1371/journal.pgen.0010008
https://doi.org/10.1210/jc.2011-3437
https://doi.org/10.1016/j.ccr.2013.04.018
https://doi.org/10.18632/oncotarget.5106
https://doi.org/10.2967/jnumed.114.
137034
https://doi.org/10.2967/jnumed.114.
137034
https://doi.org/10.1200/JCO.2006.09.6297
https://doi.org/10.3389/fonc.2016.00068


10

Jimenez Malignant Pheochromocytoma/Paraganglioma Treatment

Frontiers in Endocrinology | www.frontiersin.org May 2018 | Volume 9 | Article 277

literature review. J Clin Endocrinol Metab (2017) 102:4013–22. doi:10.1210/
jc.2017-00562 

28. Scarpa A, Chang DK, Nones K, Corbo V, Patch AM, Bailey P, et al. Whole-
genome landscape of pancreatic neuroendocrine tumours. Nature (2017) 
543:65–71. doi:10.1038/nature21063 

29. Roy S, Narang BK, Rastogi SK, Rawal RK. A novel multiple tyrosine-kinase 
targeted agent to explore the future perspectives of anti-angiogenic therapy 
for the treatment of multiple solid tumors: cabozantinib. Anticancer Agents 
Med Chem (2015) 15:37–47. doi:10.2174/1871520614666140902153840 

30. Roman-Gonzalez A, Jimenez C. Malignant pheochromocytoma-paraganglioma: 
pathogenesis, TNM staging, and current clinical trials. Curr Opin Endocrinol 
Diabetes Obes (2017) 24:174–83. doi:10.1097/MED.0000000000000330 

31. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 
(2011) 144:646–74. doi:10.1016/j.cell.2011.02.013 

32. Roman-Gonzalez A, Zhou S, Ayala-Ramirez M, Shen C, Waguespack SG, 
Habra MA, et al. Impact of surgical resection of the primary tumor on over-
all survival in patients with metastatic pheochromocytoma or sympathetic 
paraganglioma. Ann Surg (2017). doi:10.1097/SLA.0000000000002195 

33. Jansen TTG, Timmers H, Marres HAM, Kunst HPM. Feasibility of a wait-
and-scan period as initial management strategy for head and neck paragan-
glioma. Head Neck (2017) 39:2088–94. doi:10.1002/hed.24871 

34. Smith JD, Harvey RN, Darr OA, Prince ME, Bradford CR, Wolf GT, et al. 
Head and neck paragangliomas: a two-decade institutional experience 
and algorithm for management. Laryngoscope Investig Otolaryngol (2017) 
2:380–9. doi:10.1002/lio2.122 

35. Bacciu A, Medina M, Ait Mimoune H, D’Orazio F, Pasanisi E, Peretti G, 
et al. Lower cranial nerves function after surgical treatment of Fisch class C 
and D tympanojugular paragangliomas. Eur Arch Otorhinolaryngol (2015) 
272:311–9. doi:10.1007/s00405-013-2862-9 

36. Ayala-Ramirez M, Feng L, Habra MA, Rich T, Dickson PV, Perrier N, et al. 
Clinical benefits of systemic chemotherapy for patients with metastatic 
pheochromocytomas or sympathetic extra-adrenal paragangliomas: insights 
from the largest single-institutional experience. Cancer (2012) 118:2804–12. 
doi:10.1002/cncr.26577 

37. Tanabe A, Naruse M, Nomura K, Tsuiki M, Tsumagari A, Ichihara A. 
Combination chemotherapy with cyclophosphamide, vincristine, and dacar-
bazine in patients with malignant pheochromocytoma and paraganglioma. 
Horm Cancer (2013) 4:103–10. doi:10.1007/s12672-013-0133-2 

38. Szalat A, Fraenkel M, Doviner V, Salmon A, Gross DJ. Malignant pheochro-
mocytoma: predictive factors of malignancy and clinical course in 16 patients 
at a single tertiary medical center. Endocrine (2011) 39:160–6. doi:10.1007/
s12020-010-9422-5 

39. Huang H, Abraham J, Hung E, Averbuch S, Merino M, Steinberg SM, 
et  al. Treatment of malignant pheochromocytoma/paraganglioma with 
cyclophosphamide, vincristine, and dacarbazine: recommendation from a 
22-year follow-up of 18 patients. Cancer (2008) 113:2020–8. doi:10.1002/ 
cncr.23812 

40. Hadoux J, Favier J, Scoazec JY, Leboulleux S, Al Ghuzlan A, Caramella C, 
et  al. SDHB mutations are associated with response to temozolomide in 
patients with metastatic pheochromocytoma or paraganglioma. Int J Cancer 
(2014) 135:2711–20. doi:10.1002/ijc.28913 

41. Castro-Vega LJ, Buffet A, De Cubas AA, Cascon A, Menara M, Khalifa E, 
et al. Germline mutations in FH confer predisposition to malignant pheo-
chromocytomas and paragangliomas. Hum Mol Genet (2014) 23:2440–6. 
doi:10.1093/hmg/ddt639 

42. Killian JK, Kim SY, Miettinen M, Smith C, Merino M, Tsokos M, et  al. 
Succinate dehydrogenase mutation underlies global epigenomic diver-
gence in gastrointestinal stromal tumor. Cancer Discov (2013) 3:648–57. 
doi:10.1158/2159-8290.CD-13-0092 

43. Toledo RA, Qin Y, Srikantan S, Morales NP, Li Q, Deng Y, et  al. In vivo 
and in vitro oncogenic effects of HIF2A mutations in pheochromocytomas 
and paragangliomas. Endocr Relat Cancer (2013) 20:349–59. doi:10.1530/
ERC-13-0101 

44. Toledo RA. New HIF2alpha inhibitors: potential implications as therapeu-
tics for advanced pheochromocytomas and paragangliomas. Endocr Relat 
Cancer (2017) 24:C9–19. doi:10.1530/ERC-16-0479 

45. Toledo RA, Qin Y, Cheng ZM, Gao Q, Iwata S, Silva GM, et al. Recurrent mutations 
of chromatin-remodeling genes and kinase receptors in pheochromocytomas 

and paragangliomas. Clin Cancer Res (2016) 22:2301–10. doi:10.1158/1078-
0432.CCR-15-1841 

46. Kluckova K, Tennant DA. Metabolic implications of hypoxia and pseudo-
hypoxia in pheochromocytoma and paraganglioma. Cell Tissue Res (2018) 
372(2):367–78. doi:10.1007/s00441-018-2801-6 

47. Stenman A, Welander J, Gustavsson I, Brunaud L, Backdahl M, Soderkvist P, 
et al. HRAS mutation prevalence and associated expression patterns in pheo-
chromocytoma. Genes Chromosomes Cancer (2016) 55:452–9. doi:10.1002/
gcc.22347 

48. Oudijk L, de Krijger RR, Rapa I, Beuschlein F, de Cubas AA, Dei Tos AP, et al. 
H-RAS mutations are restricted to sporadic pheochromocytomas lacking 
specific clinical or pathological features: data from a multi-institutional series. 
J Clin Endocrinol Metab (2014) 99:E1376–80. doi:10.1210/jc.2013-3879 

49. Blasco MA. Telomeres and human disease: ageing, cancer and beyond. Nat 
Rev Genet (2005) 6:611–22. doi:10.1038/nrg1656 

50. Dwight T, Flynn A, Amarasinghe K, Benn DE, Lupat R, Li J, et  al. TERT 
structural rearrangements in metastatic pheochromocytomas. Endocr Relat 
Cancer (2018) 25:1–9. doi:10.1530/ERC-17-0306 

51. Fishbein L, Khare S, Wubbenhorst B, DeSloover D, D’Andrea K, Merrill S,  
et al. Whole-exome sequencing identifies somatic ATRX mutations in pheo-
chromocytomas and paragangliomas. Nat Commun (2015) 6:6140. doi:10.1038/ 
ncomms7140 

52. Comino-Mendez I, Tejera AM, Curras-Freixes M, Remacha L, Gonzalvo P,  
Tonda R, et al. ATRX driver mutation in a composite malignant pheochro-
mocytoma. Cancer Genet (2016) 209:272–7. doi:10.1016/j.cancergen.2016. 
04.058 

53. Burnichon N, Buffet A, Parfait B, Letouze E, Laurendeau I, Loriot C, et al. 
Somatic NF1 inactivation is a frequent event in sporadic pheochromocy-
toma. Hum Mol Genet (2012) 21:5397–405. doi:10.1093/hmg/dds374 

54. Petrilli AM, Fuse MA, Donnan MS, Bott M, Sparrow NA, Tondera D, et al.  
A chemical biology approach identified PI3K as a potential therapeutic 
target for neurofibromatosis type 2. Am J Transl Res (2014) 6:471–93. 

55. Chouaib S, Noman MZ, Kosmatopoulos K, Curran MA. Hypoxic stress: 
obstacles and opportunities for innovative immunotherapy of cancer. 
Oncogene (2017) 36:439–45. doi:10.1038/onc.2016.225 

56. Singh A, Settleman J. EMT, cancer stem cells and drug resistance: an emerging 
axis of evil in the war on cancer. Oncogene (2010) 29:4741–51. doi:10.1038/ 
onc.2010.215 

57. D’Antongiovanni V, Martinelli S, Richter S, Canu L, Guasti D, Mello T, et al. 
The microenvironment induces collective migration in SDHB-silenced 
mouse pheochromocytoma spheroids. Endocr Relat Cancer (2017) 24:555–64. 
doi:10.1530/ERC-17-0212 

58. Ayala-Ramirez M, Palmer JL, Hofmann MC, de la Cruz M, Moon BS, 
Waguespack SG, et al. Bone metastases and skeletal-related events in patients 
with malignant pheochromocytoma and sympathetic paraganglioma. J Clin 
Endocrinol Metab (2013) 98:1492–7. doi:10.1210/jc.2012-4231 

59. Hao Z, Sadek I. Sunitinib: the antiangiogenic effects and beyond. Onco 
Targets Ther (2016) 9:5495–505. doi:10.2147/OTT.S112242 

60. van Geel RM, Beijnen JH, Schellens JH. Concise drug review: pazopanib and 
axitinib. Oncologist (2012) 17:1081–9. doi:10.1634/theoncologist.2012-0055 

61. Santarpia L, Habra MA, Jimenez C. Malignant pheochromocytomas and 
paragangliomas: molecular signaling pathways and emerging therapies. 
Horm Metab Res (2009) 41:680–6. doi:10.1055/s-0029-1214381 

62. Ayala-Ramirez M, Chougnet CN, Habra MA, Palmer JL, Leboulleux S, 
Cabanillas ME, et al. Treatment with sunitinib for patients with progressive 
metastatic pheochromocytomas and sympathetic paragangliomas. J Clin 
Endocrinol Metab (2012) 97:4040–50. doi:10.1210/jc.2012-2356 

63. Jasim S, Suman VJ, Jimenez C, Harris P, Sideras K, Burton JK, et al. Phase II trial 
of pazopanib in advanced/progressive malignant pheochromocytoma and 
paraganglioma. Endocrine (2017) 57:220–5. doi:10.1007/s12020-017-1359-5 

64. Motzer RJ, Hutson TE, Cella D, Reeves J, Hawkins R, Guo J, et al. Pazopanib 
versus sunitinib in metastatic renal-cell carcinoma. N Engl J Med (2013) 
369:722–31. doi:10.1056/NEJMoa1303989 

65. Escudier B, Porta C, Bono P, Powles T, Eisen T, Sternberg CN, et  al. 
Randomized, controlled, double-blind, cross-over trial assessing treatment 
preference for pazopanib versus sunitinib in patients with metastatic renal 
cell carcinoma: PISCES Study. J Clin Oncol (2014) 32:1412–8. doi:10.1200/
JCO.2013.50.8267 

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1210/jc.2017-00562
https://doi.org/10.1210/jc.2017-00562
https://doi.org/10.1038/nature21063
https://doi.org/10.2174/1871520614666140902153840
https://doi.org/10.1097/MED.
0000000000000330
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1097/SLA.0000000000002195
https://doi.org/10.1002/hed.24871
https://doi.org/10.1002/lio2.122
https://doi.org/10.1007/s00405-013-2862-9
https://doi.org/10.1002/cncr.26577
https://doi.org/10.1007/s12672-013-0133-2
https://doi.org/10.1007/s12020-010-9422-5
https://doi.org/10.1007/s12020-010-9422-5
https://doi.org/10.1002/
cncr.23812
https://doi.org/10.1002/
cncr.23812
https://doi.org/10.1002/ijc.28913
https://doi.org/10.1093/hmg/ddt639
https://doi.org/10.1158/2159-8290.CD-13-0092
https://doi.org/10.1530/ERC-13-0101
https://doi.org/10.1530/ERC-13-0101
https://doi.org/10.1530/ERC-16-0479
https://doi.org/10.1158/1078-0432.CCR-15-1841
https://doi.org/10.1158/1078-0432.CCR-15-1841
https://doi.org/10.1007/s00441-018-2801-6
https://doi.org/10.1002/gcc.22347
https://doi.org/10.1002/gcc.22347
https://doi.org/10.1210/jc.2013-3879
https://doi.org/10.1038/nrg1656
https://doi.org/10.1530/ERC-17-0306
https://doi.org/10.1038/
ncomms7140
https://doi.org/10.1038/
ncomms7140
https://doi.org/10.1016/j.cancergen.2016.
04.058
https://doi.org/10.1016/j.cancergen.2016.
04.058
https://doi.org/10.1093/hmg/dds374
https://doi.org/10.1038/onc.2016.225
https://doi.org/10.1038/
onc.2010.215
https://doi.org/10.1038/
onc.2010.215
https://doi.org/10.1530/ERC-17-0212
https://doi.org/10.1210/jc.2012-4231
https://doi.org/10.2147/OTT.S112242
https://doi.org/10.1634/theoncologist.2012-0055
https://doi.org/10.1055/s-0029-1214381
https://doi.org/10.1210/jc.2012-2356
https://doi.org/10.1007/s12020-017-
1359-5
https://doi.org/10.1056/NEJMoa1303989
https://doi.org/10.1200/JCO.2013.50.8267
https://doi.org/10.1200/JCO.2013.50.8267


11

Jimenez Malignant Pheochromocytoma/Paraganglioma Treatment

Frontiers in Endocrinology | www.frontiersin.org May 2018 | Volume 9 | Article 277

66. Ruiz-Morales JM, Swierkowski M, Wells JC, Fraccon AP, Pasini F, Donskov F, 
et al. First-line sunitinib versus pazopanib in metastatic renal cell carcinoma: 
results from the international metastatic renal cell carcinoma database  
consortium. Eur J Cancer (2016) 65:102–8. doi:10.1016/j.ejca.2016.06.016 

67. Keating GM. Axitinib: a review in advanced renal cell carcinoma. Drugs 
(2015) 75:1903–13. doi:10.1007/s40265-015-0483-x 

68. Emmanuel M, Velarde M, Elaine-Bates S, Daerr R, Adams K, Fojo T. Phase 
II clinical trial of axitinib in metastatic pheochromocytomas and paragan-
lgiomas (P/PG): preliminary results. Presented at ASCO Annual Meeting. 
Chicago, IL, USA (2015).

69. Al-Salama ZT, Keating GM. Cabozantinib: a review in advanced renal cell 
carcinoma. Drugs (2016) 76:1771–8. doi:10.1007/s40265-016-0661-5 

70. Hoy SM. Cabozantinib: a review of its use in patients with medullary thyroid 
cancer. Drugs (2014) 74:1435–44. doi:10.1007/s40265-014-0265-x 

71. Thosani S, Ayala-Ramirez M, Palmer L, Hu MI, Rich T, Gagel RF, et al. The 
characterization of pheochromocytoma and its impact on overall survival 
in multiple endocrine neoplasia type 2. J Clin Endocrinol Metab (2013) 
98:E1813–9. doi:10.1210/jc.2013-1653 

72. Trusolino L, Bertotti A, Comoglio PM. MET signalling: principles and 
functions in development, organ regeneration and cancer. Nat Rev Mol Cell 
Biol (2010) 11:834–48. doi:10.1038/nrm3012 

73. Yakes FM, Chen J, Tan J, Yamaguchi K, Shi Y, Yu P, et  al. Cabozantinib 
(XL184), a novel MET and VEGFR2 inhibitor, simultaneously suppresses 
metastasis, angiogenesis, and tumor growth. Mol Cancer Ther (2011) 
10:2298–308. doi:10.1158/1535-7163.MCT-11-0264 

74. Choueiri TK, Halabi S, Sanford BL, Hahn O, Michaelson MD, Walsh MK, 
et al. Cabozantinib versus sunitinib as initial targeted therapy for patients 
with metastatic renal cell carcinoma of poor or intermediate risk: the alli-
ance A031203 CABOSUN trial. J Clin Oncol (2017) 35:591–7. doi:10.1200/
JCO.2016.70.7398 

75. Smith M, De Bono J, Sternberg C, Le Moulec S, Oudard S, De Giorgi U,  
et  al. Phase III study of cabozantinib in previously treated metastatic 
castration-resistant prostate cancer: COMET-1. J Clin Oncol (2016) 34: 
3005–13. doi:10.1200/JCO.2015.65.5597 

76. Gravel G, Leboulleux S, Tselikas L, Fassio F, Berraf M, Berdelou A, et  al. 
Prevention of serious skeletal-related events by interventional radiology 
techniques in patients with malignant paraganglioma and pheochromocy-
toma. Endocrine (2018) 59:547–54. doi:10.1007/s12020-017-1515-y 

77. Jimenez C, Pool M, Busaidy N, Habra MA, Waguespack S, Jessop A.  
A phase 2 study to evaluate the effects of cabozantinib in patients with unre-
sectable metastatic pheochromocytomas and paragangliomas. International 
Symposium on Pheochromocytoma and Paraganglioma. Sydney, Australia 
(2017).

78. Bruchelt G, Klingebiel T, Treuner J, Beck J, Lode H, Seitz G, et al. Radiolabeled 
metaiodobenzylguanidine (mibg) in diagnosis and therapy of neuroblastoma –  
results from basic research (review). Int J Oncol (1995) 6:705–12. 

79. Bhatia KS, Ismail MM, Sahdev A, Rockall AG, Hogarth K, Canizales A, et al. 
123I-metaiodobenzylguanidine (MIBG) scintigraphy for the detection of 
adrenal and extra-adrenal phaeochromocytomas: CT and MRI correlation. 
Clin Endocrinol (2008) 69:181–8. doi:10.1111/j.1365-2265.2008.03256.x 

80. van Hulsteijn LT, Niemeijer ND, Dekkers OM, Corssmit EP. (131)I-MIBG 
therapy for malignant paraganglioma and phaeochromocytoma: systematic 
review and meta-analysis. Clin Endocrinol (2014) 80:487–501. doi:10.1111/
cen.12341 

81. Vallabhajosula S, Nikolopoulou A. Radioiodinated metaiodobenzylguani-
dine (MIBG): radiochemistry, biology, and pharmacology. Semin Nucl Med 
(2011) 41:324–33. doi:10.1053/j.semnuclmed.2011.05.003 

82. Vaidyanathan G, Zalutsky MR. No-carrier-added synthesis of meta-[131I]
iodobenzylguanidine. Appl Radiat Isot (1993) 44:621–8. doi:10.1016/0969- 
8043(93)90179-E 

83. Gonias S, Goldsby R, Matthay KK, Hawkins R, Price D, Huberty J, et al. Phase 
II study of high-dose [131I]metaiodobenzylguanidine therapy for patients 
with metastatic pheochromocytoma and paraganglioma. J Clin Oncol (2009) 
27:4162–8. doi:10.1200/JCO.2008.21.3496 

84. Barrett JA, Joyal JL, Hillier SM, Maresca KP, Femia FJ, Kronauge JF, et al. 
Comparison of high-specific-activity ultratrace 123/131I-MIBG and 
carrier-added 123/131I-MIBG on efficacy, pharmacokinetics, and tissue 
distribution. Cancer Biother Radiopharm (2010) 25:299–308. doi:10.1089/
cbr.2009.0695 

85. Noto RB, Pryma DA, Jensen J, Lin T, Stambler N, Strack T, et al. Phase 1 
study of high-specific-activity I-131 MIBG for metastatic and/or recurrent 
pheochromocytoma or paraganglioma. J Clin Endocrinol Metab (2018) 
103:213–20. doi:10.1210/jc.2017-02030 

86. Jimenez C, Pryma DA, Chin BB, Noto RB, Dillon JS, Solnes L, et al. AZEDRA® 
(iobenguane I 131) in Patients with Metastatic and/or Recurrent and/or 
Unresectable Pheochromocytoma or Paraganglioma: Results of a Multicenter, 
Open-Label, Pivotal Phase 2b Study. NANETS: Philadelphia, PA (2017).

87. Maurice JB, Troke R, Win Z, Ramachandran R, Al-Nahhas A, Naji M, et al. 
A comparison of the performance of (6)(8)Ga-DOTATATE PET/CT and  
(1)(2)(3)I-MIBG SPECT in the diagnosis and follow-up of phaeochromocy-
toma and paraganglioma. Eur J Nucl Med Mol Imaging (2012) 39:1266–70. 
doi:10.1007/s00259-012-2119-7 

88. Tan TH, Hussein Z, Saad FF, Shuaib IL. Diagnostic performance of (68)
Ga-DOTATATE PET/CT, (18)F-FDG PET/CT and (131)I-MIBG scintig-
raphy in mapping metastatic pheochromocytoma and paraganglioma. Nucl 
Med Mol Imaging (2015) 49:143–51. doi:10.1007/s13139-015-0331-7 

89. Forrer F, Riedweg I, Maecke HR, Mueller-Brand J. Radiolabeled DOTATOC 
in patients with advanced paraganglioma and pheochromocytoma. Q J Nucl 
Med Mol Imaging (2008) 52:334–40. 

90. van Essen M, Krenning EP, Kooij PP, Bakker WH, Feelders RA, de Herder WW,  
et  al. Effects of therapy with [177Lu-DOTA0, Tyr3]octreotate in patients 
with paraganglioma, meningioma, small cell lung carcinoma, and melanoma. 
J Nucl Med (2006) 47:1599–606. 

91. Mundschenk J, Unger N, Schulz S, Hollt V, Schulz S, Steinke R, et  al. 
Somatostatin receptor subtypes in human pheochromocytoma: subcellular 
expression pattern and functional relevance for octreotide scintigraphy. 
J Clin Endocrinol Metab (2003) 88:5150–7. doi:10.1210/jc.2003-030262 

92. Kolby L, Bernhardt P, Johanson V, Wangberg B, Muth A, Jansson S, et  al. 
Can quantification of VMAT and SSTR expression be helpful for planning 
radionuclide therapy of malignant pheochromocytomas? Ann N Y Acad Sci 
(2006) 1073:491–7. doi:10.1196/annals.1353.051 

93. Reubi JC, Schar JC, Waser B, Wenger S, Heppeler A, Schmitt JS, et al. Affinity 
profiles for human somatostatin receptor subtypes SST1-SST5 of somatosta-
tin radiotracers selected for scintigraphic and radiotherapeutic use. Eur 
J Nucl Med (2000) 27:273–82. doi:10.1007/s002590050034 

94. Nastos K, Cheung VTF, Toumpanakis C, Navalkissoor S, Quigley AM, Caplin M,  
et  al. Peptide receptor radionuclide treatment and (131)I-MIBG in the 
management of patients with metastatic/progressive phaeochromocytomas 
and paragangliomas. J Surg Oncol (2017) 115:425–34. doi:10.1002/jso.24553 

95. Kong G, Grozinsky-Glasberg S, Hofman MS, Callahan J, Meirovitz A, 
Maimon O, et al. Efficacy of peptide receptor radionuclide therapy for func-
tional metastatic paraganglioma and pheochromocytoma. J Clin Endocrinol 
Metab (2017) 102:3278–87. doi:10.1210/jc.2017-00816 

96. Ban HS, Naik R, Kim HM, Kim BK, Lee H, Kim I, et  al. Identification 
of targets of the HIF-1 inhibitor IDF-11774 using alkyne-conjugated 
photoaffinity probes. Bioconjug Chem (2016) 27:1911–20. doi:10.1021/acs.
bioconjchem.6b00305 

97. Chen W, Hill H, Christie A, Kim MS, Holloman E, Pavia-Jimenez A, et al. 
Targeting renal cell carcinoma with a HIF-2 antagonist. Nature (2016) 
539:112–7. doi:10.1038/nature19796 

98. Courtney KD, Infante JR, Lam ET, Figlin RA, Rini BI, Brugarolas J, et  al. 
Phase I dose-escalation trial of PT2385, a first-in-class hypoxia-inducible 
factor-2alpha antagonist in patients with previously treated advanced clear 
cell renal cell carcinoma. J Clin Oncol (2018) 36(9):867–74. doi:10.1200/
JCO.2017.74.2627 

99. Labiano S, Palazon A, Bolanos E, Azpilikueta A, Sanchez-Paulete AR, 
Morales-Kastresana A, et al. Hypoxia-induced soluble CD137 in malignant 
cells blocks CD137L-costimulation as an immune escape mechanism.  
Onco immunology (2016) 5:e1062967. doi:10.1080/2162402X.2015.1062967 

100. Hatfield SM, Sitkovsky M. A2A adenosine receptor antagonists to weaken 
the hypoxia-HIF-1alpha driven immunosuppression and improve immu-
notherapies of cancer. Curr Opin Pharmacol (2016) 29:90–6. doi:10.1016/j.
coph.2016.06.009 

101. Dillman RO. Cancer immunotherapy. Cancer Biother Radiopharm (2011) 
26:1–64. doi:10.1089/cbr.2010.0902 

102. Kaltsas GA, Besser GM, Grossman AB. The diagnosis and medical manage-
ment of advanced neuroendocrine tumors. Endocr Rev (2004) 25:458–511. 
doi:10.1210/er.2003-0014 

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1016/j.ejca.2016.06.016
https://doi.org/10.1007/s40265-015-0483-x
https://doi.org/10.1007/s40265-016-0661-5
https://doi.org/10.1007/s40265-014-0265-x
https://doi.org/10.1210/jc.2013-1653
https://doi.org/10.1038/nrm3012
https://doi.org/10.1158/1535-7163.MCT-11-0264
https://doi.org/10.1200/JCO.2016.70.7398
https://doi.org/10.1200/JCO.2016.70.7398
https://doi.org/10.1200/JCO.2015.65.5597
https://doi.org/10.1007/s12020-017-1515-y
https://doi.org/10.1111/j.1365-2265.2008.03256.x
https://doi.org/10.1111/cen.12341
https://doi.org/10.1111/cen.12341
https://doi.org/10.1053/j.semnuclmed.2011.05.003
https://doi.org/10.1016/0969-
8043(93)90179-E
https://doi.org/10.1016/0969-
8043(93)90179-E
https://doi.org/10.1200/JCO.2008.21.3496
https://doi.org/10.1089/cbr.2009.0695
https://doi.org/10.1089/cbr.2009.0695
https://doi.org/10.1210/jc.2017-02030
https://doi.org/10.1007/s00259-012-2119-7
https://doi.org/10.1007/s13139-015-0331-7
https://doi.org/10.1210/jc.2003-030262
https://doi.org/10.1196/annals.1353.051
https://doi.org/10.1007/s002590050034
https://doi.org/10.1002/
jso.24553
https://doi.org/10.1210/jc.2017-00816
https://doi.org/10.1021/acs.bioconjchem.6b00305
https://doi.org/10.1021/acs.bioconjchem.6b00305
https://doi.org/10.1038/nature19796
https://doi.org/10.1200/JCO.2017.74.2627
https://doi.org/10.1200/JCO.2017.74.2627
https://doi.org/10.1080/2162402X.2015.1062967
https://doi.org/10.1016/j.coph.2016.06.009
https://doi.org/10.1016/j.coph.2016.06.009
https://doi.org/10.1089/cbr.2010.0902
https://doi.org/10.1210/er.2003-0014


12

Jimenez Malignant Pheochromocytoma/Paraganglioma Treatment

Frontiers in Endocrinology | www.frontiersin.org May 2018 | Volume 9 | Article 277

103. Hadoux J, Terroir M, Leboulleux S, Deschamps F, Al Ghuzlan A, Hescot S, et al. 
Interferon-alpha treatment for disease control in metastatic pheochromo-
cytoma/paraganglioma patients. Horm Cancer (2017) 8:330–7. doi:10.1007/ 
s12672-017-0303-8 

104. Kirkwood JM, Bender C, Agarwala S, Tarhini A, Shipe-Spotloe J, Smelko B, 
et al. Mechanisms and management of toxicities associated with high-dose 
interferon alfa-2b therapy. J Clin Oncol (2002) 20:3703–18. doi:10.1200/JCO. 
2002.03.052 

105. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et  al. 
Pembrolizumab versus ipilimumab in advanced melanoma. N Engl J Med 
(2015) 372:2521–32. doi:10.1056/NEJMoa1503093 

106. Motzer RJ, Escudier B, McDermott DF, George S, Hammers HJ, Srinivas S, 
et al. Nivolumab versus everolimus in advanced renal-cell carcinoma. N Engl 
J Med (2015) 373:1803–13. doi:10.1056/NEJMoa1510665 

107. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A, et al. 
Pembrolizumab versus chemotherapy for PD-L1-positive non-small-cell 
lung cancer. N Engl J Med (2016) 375:1823–33. doi:10.1056/NEJMoa1606774 

108. Azam F, Mehta S, Harris AL. Mechanisms of resistance to antiangiogenesis 
therapy. Eur J Cancer (2010) 46:1323–32. doi:10.1016/j.ejca.2010.02.020 

109. Kleczko EK, Heasley LE. Mechanisms of rapid cancer cell reprogramming 
initiated by targeted receptor tyrosine kinase inhibitors and inherent ther-
apeutic vulnerabilities. Mol Cancer (2018) 17:60. doi:10.1186/s12943-018- 
0816-y 

Conflict of Interest Statement: The author declares that the submitted work was 
not carried out in the presence of any personal, professional, or financial relation-
ships that could potentially be construed as a conflict of interest.

Copyright © 2018 Jimenez. This is an open-access article distributed under the terms 
of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) and the 
copyright owner are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction 
is permitted which does not comply with these terms.

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1007/
s12672-017-0303-8
https://doi.org/10.1007/
s12672-017-0303-8
https://doi.org/10.1200/JCO.
2002.03.052
https://doi.org/10.1200/JCO.
2002.03.052
https://doi.org/10.1056/NEJMoa1503093
https://doi.org/10.1056/NEJMoa1510665
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1016/j.ejca.2010.02.020
https://doi.org/10.1186/s12943-018-
0816-y
https://doi.org/10.1186/s12943-018-
0816-y
https://creativecommons.org/licenses/by/4.0/

	Treatment for Patients With Malignant Pheochromocytomas and Paragangliomas: A Perspective From the Hallmarks of Cancer
	Introduction
	Surgery
	Chemotherapy
	The Hallmarks of Cancer and MPPG
	Novel Therapies for MPPG According to Their Effects on One or More Hallmark Capabilities
	Inhibition of Angiogenesis and Proliferative Signaling: Pazopanib 
and Sunitinib
	Inhibition of Angiogenesis: Axitinib
	Inhibition of Angiogenesis, Proliferative Signaling, and Invasion and Metastasis: Cabozantinib
	Induction of Cell Death and Prevention 
of Replicative Immortality: Iobenguane 
131I and 177Lu-DOTATATE
	Regulation of Cellular Energetics: 
HIF Inhibitors
	Enhancement of Immune System 
Tumor Recognition: Interferon 
and Pembrolizumab

	Where are We Going?
	Conclusion
	Author Contributions
	Acknowledgments
	Funding
	References


