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Modern drug discovery highly depends on the identification and
validation of the drug targets. Using the method of in vitro

quantitative receptor autoradiography, we demonstrated that—for

instance, in neuroendocrine tumors—up to 3 receptors can be

coexpressed at a relatively high density. In addition, nonendocrine
tumors such as breast, prostate, and brain tumors concomitantly

express several G protein–coupled receptors at a high density. We

propose 3 strategies for exploiting these findings for multireceptor
targeting in vivo: use of heterobivalent or heteromultivalent ligands,

which may bind simultaneously or monovalently to their different

molecular targets; coinjection of a cocktail of radioligands; and se-

quential injection of different radioligands. Any of these strategies
may help to remedy some of the major problems in cancer target-

ing: heterogeneity, change in phenotype during disease progres-

sion, and resistance.
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When a cancer target expresses a sufficient amount of re-
ceptors, it is possible to target it with radiolabeled compounds
having a high affinity for those receptors. In the peptide receptor
field—the focus of this review—the past 2 decades have shown
that the somatostatin receptors expressed in neuroendocrine tu-
mors (NETs) can be successfully targeted with various somato-
statin analogs (1).
Until recently, the clinical targeting evaluation was limited to a

specific receptor (i.e., somatostatin receptor 2 [sst2]) expressed in
a cancer type and therefore was limited to the use of a single
radioligand for a given cancer. However, here we discuss the
possibility of using multireceptor targeting for well-defined cancer
types. We present preclinical data demonstrating multiple peptide
receptor expression in specific human tumors, measured in vitro
using binding methods such as autoradiography, a method shown
in the last 2 decades to be predictive for in vivo applications. We
first summarize the receptor data for NETs and then expand the
discussion to non-NETs, which represent a much larger cancer

population. We focus mainly on peptide receptors, a group of
targets particularly well investigated in vitro in cancer using re-
ceptor binding (2). We also introduce the observation that antag-
onists may allow the identification of more receptors in a target
than agonists do, therefore increasing the scope of target indica-
tions (3). We use these data as a basis to discuss possible ap-
proaches for multireceptor targeting in vivo in clinics. We also
discuss the main advantages of heterobivalent or heteromultivalent
ligands, which may bind simultaneously to different receptors, as
well as the cocktail approach and a modification of that approach
(sequential application of different imaging agents).

RECEPTOR EXPRESSION IN CANCER

NETs

Gastroenteropancreatic (GEP) NETs. Thirty years ago, specific
peptide receptors—namely, somatostatin receptors—were identi-
fied as targets in cancers (2). This identification led to the devel-
opment of radiolabeled somatostatin analogs suitable for binding
to overexpressed receptors and for imaging tumors. Later on, it
was shown that not only sst2 but also several other somatostatin
receptor subtypes (sst3 and sst5) could be expressed concomitantly
in a single NET tumor sample (4), introducing the idea that multi-
receptor targeting within the somatostatin receptor family may be
feasible. A compound with an affinity for sst2, sst3, and sst5—
DOTANOC—was developed and shown to label sst2-, sst3-, and
sst5-positive tumors (5), often detecting in vivo more sites than
sst2-selective ligands (6).
Recent in vitro studies have shown that, apart from somatostatin

receptors, other peptide receptors are overexpressed in NETs. In
particular, the incretin receptor glucagonlike peptide 1 (GLP-1)
receptor is massively overexpressed in insulinomas (7,8). The clinical
development of 111In-DOTA-exendin-4 and 68Ga-exendin-4 targeting
the GLP-1 receptor has been highly successful in insulinomas (9).
Within the incretin family, another receptor was recently shown to
be overexpressed in most gastrointestinal and pancreatic NETs: the
glucose-dependent insulinotropic polypeptide (GIP) receptor (10).
Preclinical evidence has shown that 68Ga-DOTA-GIP can label GIP
receptor–positive cancers in animals, although this method is not yet
used in clinics (11). In addition, cholecystokinin (CCK) receptors
(CCK1 and CCK2 subtypes) are overexpressed in GEP NETs
(7,12), with CCK2 being overexpressed more frequently than
CCK1. CCK2 receptors were imaged in GEP NET patients (13).
Finally, we recently showed in vitro (Jean Claude Reubi and Beatrice
Waser, unpublished data, 2017) that the glucagon receptor is also
overexpressed in GEP NETs, in particular, in insulinomas.
Of particular interest is the observation that the aforementioned

peptide receptors can be concomitantly overexpressed in many
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GEP NETs (Table 1; Figs. 1A, 1B, and 1C). Moreover, a recent
autoradiography study measuring GLP-1 receptors, GIP receptors,
and sst2 concomitantly in the same GEP NET sections showed that
the 3 types of receptors were often coexpressed (14). In particular,
it was found that the use of the 3 respective radioligands allowed
acquisition of a highly homogeneous tumor labeling in cases in
which the use of a single radioligand would show only a hetero-
geneous patchy labeling. Of equal importance, the use of the 3
radioligands concomitantly increased the total labeling of a tumor.
The triple labeling also permitted identification of all of the tested
tumors as positive cases, whereas the use of a single radioligand
revealed several negative cases in this series (14). Clinical testing
using either a cocktail of the aforementioned 3 radioligands or a
monomer triagonist radioligand has not yet been documented.
Medullary Thyroid Carcinomas (MTC). MTC is another NET

that may be multitargeted by radiolabeled peptides. It is well
known that more than 90% of the MTC overexpress the CCK2
receptor (12). Proof of concept has been established in vivo in
patients (13) with various CCK analogs, however, a marked kid-
ney uptake has made a routine application difficult. Recently, it has

been observed that receptors for the incretin GIP were also over-
expressed in 89% of MTC (15). Figure 1D shows an MTC that
expresses both CCK2 and GIP receptors.

Non-NETs

An increasing amount of in vitro studies have shown in the past
2 decades that numerous non-NETs can overexpress peptide (and
other) receptors. In many cancer types, 2 or more peptide receptor
types can be concomitantly expressed: the present review will
focus on prostate cancer, breast cancer, gastrointestinal stromal
tumors (GISTs), Ewing sarcomas, and glioblastomas.

Prostate Cancer

Prostate cancer expresses gastrin-releasing peptide (GRP)
receptors in more than 90% of the primary tumor (16), including
tumors at a very early stage of development (17). Metastases, in
particular hormone-independent metastases, appear to express
GRP receptors—less often than primary tumors, however (16).
Of particular interest is the high expression of the prostate-specific
membrane antigen (PSMA), which is also overexpressed in most
prostate cancers (18). Clinical investigations have shown that both

TABLE 1
Selection of Peptide Receptors Coexpressed in Specific Cancer Types

Cancer type Peptide receptor Incidence in cancer References

NETs

Ileal Somatostatin (sst2 . sst3 . sst5 or sst1) sst2 . 90% 4,7

CCK2 60% 7,12

GIP 86% 10,14

GLP-1 30% 7,8,14

Glucagon 35%

Insulinomas GLP-1 .90% 7,8,14

GIP 100% 10,14

Glucagon .90%

Somatostatin (sst1, sst5, sst2) 70% 4,7

MTC CCK2 .90% 12

GIP 89% 15

Somatostatin (sst2) 100% (antagonist†) 25

Non-NETs

Prostate cancer GRP .90% 16,17

PSMA* .90% 18

Breast cancer GRP 65%–75% 20,23

NPY (Y1 subtype) 66%–85% 22

Somatostatin (sst2) .90% (antagonist†) 23–25

GIST GRP 84% 26

CCK2 63% 26

VPAC2 84% 26

Ewing sarcoma Neurotensin (NT1 subtype) 64% 27

NPY (Y1 subtype) 84% 28

Glioblastoma Substance P (NK1) 100% 29

NPY (Y2 subtype) 83% 30

*Does not belong to peptide receptor family.
†Tested with iodinated somatostatin receptor antagonist JR11.

VPAC2 5 subtype 2 of vasoactive intestinal polypeptide receptor; NK1 5 neurokinin 1 subtype of tachykinin receptors.
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GRP receptor imaging and PSMA imaging of prostate cancer can
be successful (19).

Breast Cancer

Breast cancer is another example of cancer with multiple pep-
tide receptor expression. Again, GRP receptors have been shown
to be overexpressed in up to 75% of the breast cancer cases (20).
Recent studies using radiolabeled GRP receptor antagonists sug-
gest a high sensitivity of GRP receptor imaging in breast cancers
(21). Equally abundant is the expression of the Y1 subtype of
neuropeptide Y (NPY) receptors, overexpressed in 66%–85% of

cases (22,23). Normal breast, including ducts
and glands, also express NPY receptors, but
fortunately of the Y2 subtype, suggesting
that Y1 radioligands would specifically tar-
get the tumor (23). Figure 2A shows a breast
tumor expressing GRP receptors as well as
Y1. Also, somatostatin receptors have been
shown previously to be present in breast can-
cers, however, in relatively low amounts
(23,24). A recently conducted study in vitro
with an iodinated somatostatin receptor
antagonist revealed, however, that a large
amount of sst2 could be detected in more
than 90% of breast cancers (25).
The proof of concept in breast cancer

patients has been shown with GRP recep-
tors, NPY receptors, and somatostatin re-
ceptors. This large variety of overexpressed
receptors suggests that various combinations
of tracers may be suitable for imaging.

GISTs

GISTs have been shown in vitro with
autoradiography to overexpress GRP recep-
tors as well as CCK2 receptors (26). An ex-
ample is shown in Figure 2B. These 2 target

receptors were not investigated in vivo in GIST patients except for 1
study with GRP analogs that did not give the expected results. Also
the VPAC2 subtype of the vasoactive intestinal polypeptide receptor
is overexpressed in GISTs (Table 1). Because VPAC2 is much less
often expressed in normal tissues than the VPAC1 subtype, the de-
velopment of a VPAC2-selective radioligand may be meaningful.

Ewing Sarcomas

The rare Ewing sarcomas, representing a huge challenge for
treatment, are characterized by the overexpression of the NT1
subtype of neurotensin receptors in 64% of cases (27) as well as of

the Y1 subtype of the NPY receptors in
84% of tumors (Table 1) (28). Figure 2C
shows a representative example.

Glioblastomas

At least 2 peptide receptors are overex-
pressed in glioblastomas in large amounts:
substance P receptors (also referred to as
the neurokinin 1 subtype of tachykinin re-
ceptors (29)) and the Y1 subtype of NPY
receptors (30). Figure 2D shows a case of
glioblastoma coexpressing both receptors.
Because of the blood–brain barrier, a suc-
cessful targeting strategy with substance P
analogs does not consist in a systemic ap-
plication but in a local application into the
tumor or in the cavity left by the resected
tumor (31). Although substance P analogs
were successfully applied in vivo in glio-
blastomas, NPY analogs have never been
tested in glioblastomas.

MULTIRECEPTOR TARGETING IN VIVO

On the basis of the evidence that specific
cancers express 2 or more peptide receptors

FIGURE 1. Expression of multiple receptors (R) in specific NETs.

FIGURE 2. Expression of multiple receptors (R) in specific cancer types. GIST5 gastrointestinal

stromal tumors; NT 5 neurotensin; SP 5 substance P; Tu 5 tumors.
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(Table 1), and that for many of these receptors the proof of concept
that they can be individually imaged in vivo exists, it is attractive
to think about the possibilities to target multiple receptors concom-
itantly in vivo in patients. There are 3 different approaches for
multireceptor targeting in vivo: the use of heterobivalent or hetero-
multivalent ligands, which bind (simultaneously) to different recep-
tors; the cocktail approach (coinjection of multiple tracers); and
sequential injection of different imaging agents (enabling quantita-
tive measurements of the pharmacokinetics of each tracer and
allowing a decision about which tracer combination should be used
for therapy [theranostic approach]).

Heterobivalent or Heteromultivalent Ligands

A heterobivalent or heteromultivalent ligand binds to 2 (multi)
receptors through simultaneous, noncovalent interactions with
2 (multi) pharmacophores. For the sake of simplicity we focus
mainly on heterobivalent ligands. This approach has the following
6 (theoretic) advantages relative to monovalent ligands.
The first advantage is improvement of the sensitivity of detec-

tion through a synergistic increase in binding affinities to targets.
The higher affinity arises mainly from the simultaneous binding,
which increases the bond enthalpies of 2 ligand receptor bonds, as
well as slower dissociation from the tumor cell due to rebinding.
This may be important for imaging at the later time points after
background clearance. More importantly using heterobivalent
ligands for therapeutic applications may result in higher tumor
doses.
The second advantage is higher specificity/selectivity, as high

affinity results only if the heterobivalent ligands bind simulta-
neously to their respective binding sites at the same cell. This is
understood as binding of 1 pharmacophore forces the second one
covalently attached via the linker to stay close to its binding
molecule. This is called forced proximity, which favors not only
binding but also rebinding. Thorough discussions on these aspects
were published by Vauquelin et al. (32) and by Caplan et al. (33).
Even if the spacer length or other structural shortcomings do not
allow simultaneous binding to the 2 receptors a benefit may still
arise due to the fact that a higher tumor uptake may result from the
potential binding to a higher number of receptors available (re-
ceptor 1 and receptor 2), which allow monovalent binding of
ligand 1 and ligand 2. In addition, there is an increased probability
of rebinding when ligand 1 dissociates from its receptor: ligand 2
can bind to receptor 2 and vice versa.
Third, tumors are most often heterogeneous. The use of hetero-

multivalent ligands may allow a more homogeneous distribution of
radioligands with major consequences for targeted radionuclide

therapy. An example of relative heterogeneity is demonstrated in
Figure 1A.
Fourth, because of the larger size of heterodivalent constructs,

the metabolic stability of peptides as radioligands may be im-
proved, leading to improved bioavailability.
Fifth, a single agent can be used to target multiple surface

markers that may be differentially expressed on cancer cells during
the progression of disease.
Sixth, the single-agent perspective may be advantageous with

regard to regulatory issues because only a single molecule needs
to be validated and approved.

Development of Heterobivalent Ligands for Simultaneous

Cross-Linking of 2 Receptors

The highest gain in affinity and selectivity of heterobivalent
ligands arises if both pharmacophores bind simultaneously to their
respective binding sites. Therefore, the design and development of
these constructs are most desirable. Schematically this approach
is illustrated in Figure 3.
The most sophisticated and elegant approach was devised by

Vagner et al. (34), Josan et al. (35), and Xu et al. (36). They
performed a modeling study to determine the optimal linker length
and calculated an optimal length of 2–5 nm for 2 well-packed
G-protein–coupled receptors and concluded that linker length
and flexibility are the most important parameters. Vagner et al.
(34) studied different pharmacophores targeting the d-opioid re-
ceptors and the human melanocortin-4 receptor and found that
affinity enhancement may be as high as 48-fold if optimized link-
ers are used. In a melanocortin-1 receptor and CCK2 mouse
model, a linker length of about 5 nm showed optimal tumor uptake
and retention and in vitro a 12-fold-higher specificity for dual-
compared with single-target receptor (35,36).
Kroll et al. (37) have used a somewhat different approach to

targeting GRP receptors. They developed hybrid bombesin ana-
logs combining an agonist and an antagonist (Fig. 4). Their mod-
ular approach was based on a rigid oligoproline scaffold with
defined distances. They aimed at combining the best of the agonist
(internalization) and antagonist (recognition of more binding sites
than agonists) world of GPCRs. Schematically this approach is
illustrated in Figure 4. The heterobivalent ligand shows distinctly
higher cell uptake in vitro than the homobivalent compounds. In
vivo high and long-lasting tumor uptake resulted if the approxi-
mate peptide distance is around 2 nm, well correlating with the
calculations of Caplan et al. (33).

FIGURE 3. Schematic presentation of heterobivalent peptide con-

nected via flexible spacer and simultaneously binding to 2 different

G protein–coupled receptors (Rec). M 5 radiometal.

FIGURE 4. General concept of oligoproline-based hybrid ligands that

allowed combination of homo- and heterovalent ligands at defined dis-

tances. Oligoprolines served as rigid scaffolds that allowed tailoring of

distances between pharmacophores. R 5 receptors.
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Development of Heterobivalent Ligands with Short Linkers

Simultaneously binding ligands are difficult to design because
of the choice of the ideal linker length, its rigidity and flexibility,
respectively, allowing simultaneous binding with only small entropy
loss. Therefore, several groups relied on the synthesis of constructs
with short linkers, such as glutamic acid, b2aminoglutaric acid, or
lysine connecting 2 different pharmacophores. This approach relies
not on simultaneous binding but on a statistical advantage of these
constructs to bind to a larger number of receptors. In addition, this
approach benefits from a contribution via rebinding, which in-
creases the tumor retention time.
This approach was chosen by different groups (38–40). The

preferred “coligand” was the aVb3-targeting RGD motif. The
integrin family is expressed on tumor neovasculature but some-
times moderate expression on some human tumor cells is found.
One of these constructs made its way into the clinic.
RGD-based peptides have been coupled via a Glu spacer to the

GRP receptor–targeting peptide bombesin(7–14). The glutamic acid
spacer allows also coupling of a chelator such as DOTA or NOTA
for radiometal labeling or a prosthetic group for 18F labeling. These
constructs were carefully tested in vitro and in animal models. One
of these hybrids labeled with 68Ga was translated to the clinic and
compared with 68Ga-bombesin(7–14) in 13 prostate cancer patients
and 5 volunteers (41). 68Ga-BBN-RGD detected distinctly more met-
astatic lesions. This result is very promising and may even be im-
proved if a GRP receptor antagonist is used. Stott Reynolds et al. used
a similar construct with the GRP receptor antagonist RM2 (42). This
conjugate shows very favorable pharmacokinetics.
PSMA is currently the most promising target for prostate cancer

imaging. Shallal et al. combined a urea-based small molecule with
an avb3–targeted peptide and DOTA for radiolabeling. Prelimi-
nary affinity data and in vivo data with a conjugated dye show the
high potential of these constructs for further development (40).
Potentially the most promising approach in prostate cancer imag-
ing is the combination of agents targeting PSMA or GRP recep-
tors, as elegantly shown by Liolios et al. (43).
Apart from the described examples there have been many more

heterobivalent ligands discussed in the 2 review articles (44,45)

Current and Future Developments

A fascinating current development that may be called “a com-
bination boom” (46) is happening in the diabetes/obesity research
field. It may potentially be exploited directly by medicinal radio-
chemists to develop new heteromultivalent radioligands based on
peptides. Finan et al. developed monomeric triagonist peptides
targeting the glucagon, GLP-1, and GIP receptors (47). They
combined 3 peptides into a single molecule, circumventing
the use of different peptidic drugs. This approach is shown in
Figure 5. Figure 1C shows a tumor expressing precisely these 3
receptors.
They also studied dual agonists (GIP/GLP-1) formulated into a

single peptide (48). With the use of (radio)chemical strategies
developed before for agents targeting GLP-1 (9,49) and GIP
(11) receptors, a series of radioligands may be developed as im-
aging (and possibly radiotherapeutic) agents targeting tumors
expressing these receptors simultaneously (11). Receptor families
with different receptor subtypes such as the somatostatin receptors
may also benefit from a similar approach. Radiolabeled multirecep-
tor or even “pan” ligands, which target several (all) subtypes, were
developed. They may lead to a higher diagnostic sensitivity than
a single receptor–targeting agent, as demonstrated by Wild et al. (6)

with the sst2,3,5–targeting PET agent 68Ga-DOTANOC. The ap-
proaches outlined here may be implemented in future developments
of ligands targeting peptide receptors. For instance, as reported by
Reubi et al., GLP-1 receptors, GIP receptors, and sst2 may be
concomitantly expressed in GEP NETs (14).

Cocktail Approach

The cocktail/combination strategy is regularly being used in
classical cytotoxic chemotherapy. It is characterized by coadmin-
istration of combinations of multiple therapeutic agents (50).
The rationale of combination approaches is to achieve additive

or even synergistic effects while minimizing toxicity. This may be
achieved using drugs acting via different mechanisms in the tumor
and in off-target organs (51). The same also holds for targeted
radionuclide therapy.
The cocktail approach lacks some of the aforementioned advan-

tages, such as rebinding and increased avidity due to simultaneous
binding as well as the increased probability of using a heterobivalent
short linker construct.
In the imaging field, cocktails of imaging agents are not

frequently used. Their potential advantages are an increased sen-
sitivity and simultaneous localization of disease with only 1 injection.
There are only a few examples of the use of the cocktail approach
in the clinic, such as using SPECT agents for the localization of
parathyroid adenomas and medullary thyroid cancer as well as
some cardiac nuclear imaging studies (52). In addition the Stan-
ford group advocated for the combined administration of 18F-NaF
and 18F-FDG in a single PET scan and initiated a prospective
international multicenter trial (53). The authors concluded that
the cocktail shows high sensitivity, lower cost, increased patient
comfort, and reduced radiation exposure when compared with
separate scans. Otherwise the modality is underused and almost
excluded in PET for obvious reasons. Optical imaging has a big
potential within the cocktail approach as simultaneous multicolor
imaging can be performed and used for localization and charac-
terization of expression profiles (52).

Modifications of Cocktail Approach: Sequential Application

of Different Imaging Agents

The approach often used in nuclear medicine is a sequential
application of different imaging agents usually with the aim to
compare different radiopharmaceuticals in regard to their sensitivity
and specificity. An impressive example showing the application of
6 tracers in a single patient with recurrent prostate cancer was
presented at the 2016 SNMMI annual meeting in the highlights
lecture (Fig. 6) (54).

FIGURE 5. Schematic illustration of monomeric peptide triagonist tar-

geting 3 different receptors (R).
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Of particular interest are the 2 68Ga-labeled PET tracers target-
ing PSMA and GRP receptors. The tracers target different biologic
processes and therefore do not have the same sensitivity with
regard to lymph node detection. It appears that GRP receptors
are targets highly expressed already at an early stage of tumor
development (17), whereas PSMA is highly expressed in patients
with high Gleason scores. Therefore, patients may benefit from
both tracers, and the development and optimization of heterobiva-
lent compounds seem to be warranted, as does the use of a cocktail
if a single-agent image is not conclusive.

CONCLUSION

Many human tumors overexpress different GPCRs, sometimes
at high density. To target them simultaneously would increase
diagnostic sensitivity and specificity. In addition targeting multiple
receptors may alleviate some of the major problems in cancer
targeting: heterogeneity, resistance, and change of phenotype
during disease progression. The development and clinical trans-
lation of heterobivalent or multivalent ligands is a very promising
approach although the design of simultaneously binding ligands
may be challenging as simultaneous binding depends on many
different factors such as receptor density, distance, and in particular
the composition of the linker connecting the 2 pharmacophores.
Still the approach is promising and simultaneous binding is not a
“conditio sine qua non.” Several of the most promising preclinically
tested ligands should be translated to the clinic.
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