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G protein-coupled receptors (GPCRs) are capable of interacting to form

higher order s t ruc tu res such as homomers and heteromers .

Heteromerisation in particular has implications for receptor function,

with research showing receptors can attain unique expression, ligand

binding, signalling and intracellular trafficking upon heteromerisation. As

such, GPCR heteromers represent novel drug targets with extensive

therapeutic potential. Changes to ligand affinity, efficacy and G protein

coup l ing have a l l been descr ibed , w i th a l te ra t ions to these

pharmacological aspects now well accepted as common traits for

heteromeric complexes. Changes in internalisation and trafficking

kinetics, as well as b-arrestin interactions are also becoming more

apparent, however, few studies to date have explicitly looked at the

implications these factors have upon the signall ing profi le of a

heteromer. Development of ligands to target GPCR heteromers both

experimentally and therapeutically has been mostly concentrated on

bivalent l igands due to difficulties in identifying and developing

heteromer-specific ligands. Improving our understanding of the

pharmacology and physiology of GPCR heteromers will enable further

development of heteromer-specific ligands with potential to provide

therapeutics with increased efficacy and decreased side effects.

KEYWORDS

G protein-coupled receptors (GPCRs), heteromer, dimer, biased signalling, b-
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Introduction

G protein-coupled receptors (GPCRs) consist of seven

transmembrane domains. Upon activation, most GPCRs couple

to heterotrimeric G proteins to produce physiological effects.

GPCRs also engage in an array of interactions with other

macromolecular complexes that play important roles in

determining GPCR function. The GPCR family has an extremely

broad range of physiological functions, particularly in relation to the

number of non-olfactory GPCR encoding genes (1). One

explanation for this is that higher order GPCR interactions can

alter receptor function, thereby enabling this diversity. Indeed, the

ability for GPCRs to form oligomers is now widely accepted, with

research demonstrating their ability to form multi-receptor

complexes with identical (homomers) and different (heteromers)

receptor units both in vitro and in vivo. Both GPCR homomers and

heteromers may display different biochemical properties from their

monomeric counterparts (2), with potential alterations to all facets

of their pharmacology. For example, one of the first indicators that

GPCRs formed oligomeric species came from observations of

cooperativity in ligand binding data (3, 4), suggesting the

existence of GPCR homomers (5–8) and heteromers (9–11).

While both GPCR homomers and heteromers can attain unique

pharmacology, heteromerisation has the potential for increased

diversification and complexity of signaling, as a result of the

interaction of different receptors which have different structures,

ligand binding pockets, effectors etc. As a result, GPCR

heteromerisation has been a prominent area of GPCR research,

and is therefore also the focus of this review. It is important to be

aware that in both experimental and physiological conditions,

GPCRs likely exist in mixed populations of monomers,

homomers and heteromers. As a result, identifying and

differentiating the pharmacology of the various oligomeric GPCR

species, and in particular differentiating monomers from

homomers, can be a challenge, and most studies do not

differentiate between monomers and homomers unless they are

specifically being investigated. Consequently, unless otherwise

specified, this review will refer to single-receptor results as

monomeric conditions.

Some GPCRs heteromerise to form a minimal functional unit,

such as the Class C g-aminobutyric acid (GABA) heteromeric

receptor consisting of GABAB1 and GABAB2 subunits. This has

been shown in vivo (12), with the subunits unable to mediate

signal transduction or traffic to the plasma membrane when

existing as monomeric receptors (12–14). Following initial

reports of Class C GPCR heteromerisation, a wide range of

Class C GPCRs were found to form such heteromers in vivo

(15–17). It is now widely accepted that many Class C GPCRs

require heteromerisation to form a functional signalling unit (18,

19). This form of heteromerisation is termed a “heteromeric

receptor” as it is necessary for formation of a minimal

functional unit (20). This differs from “receptor heteromers”,
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which are comprised of two or more minimal functional units

that form a macromolecular complex with biochemical properties

that differ from their individual components (20). As receptor

heteromers have different biochemical properties from their

respective monomers, they are effectively novel drug targets

with the potential to achieve greater specificity and selectively.

However, despite this they remain relatively unexplored as targets

for therapeutic interventions.

This review will discuss receptor heteromers, with a focus on

Class A GPCR heteromers, heteromer signalling and the effects

of ligands upon heteromer function. Examples of heteromers

implicated in pathological conditions will also be discussed, as

well as strategies currently used to target heteromers. While not

explored here, it is worth mentioning that receptor heteromer

formation, stability and the nature of allosteric interactions that

occur between protomers are also areas of active research and

are revealing further complexity within GPCR systems (21, 22).
Heteromer classification and
investigation

A receptor heteromer is defined as a “macromolecular

complex composed of at least two (functional) receptor units

with biochemical properties that are demonstrably different

from those of its individual components” (20). This definition

is accompanied by a set of standards a proposed receptor

heteromer must meet in order to be regarded as a heteromer

with physiological relevance. The standards for confirming the

physiological relevance of a receptor heteromer and the

experimental methods used to do so have been discussed at

length in several previous reviews (20, 23, 24), and as such will

not be discussed in detail here. However, three criteria are widely

accepted to demonstrate that a heteromer observed in a

transfected in vitro setting has physiological relevance to an in

vivo setting. Firstly, demonstrating the receptor protomers have

the capacity to be in close proximity in vivo is an important

initial step to validate the heteromeric complex. Appropriate

evidence for this includes confirming the receptor protomers are

found within the same cell and are sequestered within the same

cellular compartments in either native or primary cells (20, 23,

24). This is most commonly achieved through immunoelectron

microscopy, coimmunoprecipitation and proximity-based

biophysical techniques such as Fluorescence Resonance Energy

Transfer (FRET) (23) and proximity ligation assays (25–27).

These techniques can also be used to give evidence for heteromer

formation directly, through demonstrating the distance-

dependent association of receptor protomers within relevant

physiological environments.

Secondly, the heteromer should demonstrate biochemical

properties distinct from its respective monomers (20, 23, 24).

Different biochemical properties can arise as a result of allosteric
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modulation between protomers (24) resulting in unique

signalling, trafficking, ligand binding or other pharmacological

properties (23). This criterion can also be fulfilled through the

confirmation of a heteromer-specific ligand (24). Common

methods employed to observe the biochemical properties of

heteromers include ligand-binding assays to investigate changes

to ligand affinity, assays to observe modulation of signal

transduction cascades by heteromers and assays that

investigate the trafficking of heteromers, especially in regards

to their trafficking to the cell surface and agonist-mediated

internalisation (23).

One approach that can provide key experimental evidence to

address this second criterion is Receptor-Heteromer

Investigation Technology (HIT). This technology utilises a

proximity-based biophysical technique, most commonly

Bioluminescence Resonance Energy Transfer (BRET), to

monitor receptor-receptor proximity in a ligand-dependent

manner (28–30). The Receptor-HIT configuration, shown in

Figure 1A, consists of a receptor tagged with a proximity-

reporter component, an untagged receptor and an interacting

protein tagged with the complementary proximity-reporter

component. Upon addition of a ligand selective for the

untagged receptor, the interacting protein will be recruited to

the heteromer. This interacting protein, such as b-arrestin, is
usually recruited specifically to the untagged receptor as part of

prototypical signalling events following agonist-induced

recruitment. However, on occasion, it may be recruited to the

tagged receptor when it is in a heteromer complex with the

untagged receptor, ie. as a result of transactivation (32). In

addition to reporting receptor proximity, the Receptor-HIT

assay also generates functional information as a result of the

recruitment of the interacting protein, and therefore the assay

can also reveal novel biochemical properties of the heteromer

(28). Indeed, unique b-arrestin recruitment, G protein

recruitment and other pharmacological properties have been

observed using Receptor-HIT for multiple heteromeric

complexes (29, 32–42). Receptor-HIT can also be configured

to utilise a ligand labelled with the complementary proximity-

reporter component, rather than an interacting protein as shown

in Figure 1B. When used with the NanoBRET ligand-binding

assay (43), heteromerisation can be monitored through

fluorescent ligand binding to an untagged receptor that is

adjacent to an N-terminally Nluc tagged receptor. Receptor-

HIT is a powerful tool that can be used to validate receptor

heteromers by simultaneously demonstrating heteromer

formation and unique heteromer function, both of which are

vital pieces of evidence to ascertain the potential physiological

relevance of a receptor heteromer observed in vitro.

The last criterion required to demonstrate physiological

relevance of a heteromer is that disruption of heteromer

function should be observable upon the loss of a functional

receptor heteromer (23, 24). Methods to disrupt heteromer
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formation include the use of membrane-permeable peptides

targeted to the site of interaction between heteromer subunits,

transgenic animals that express protomers incapable of forming

heteromers (23), as well as knockout animal models that do not

express one of the appropriate protomers (24). Once a model of

heteromer disruption has been produced, there are many

techniques that can be employed to demonstrate disruption to

heteromer assembly and function. This includes comparison of

functional characteristics between systems that express the

relevant receptor heteromers and those that do not, utilising

heteromer-specific antibodies that are able to detect heteromers

(23, 44), as well as utilising bivalent and heteromer-selective

ligands to show disruption to heteromer assembly and

function (23).

For a receptor heteromer to be accepted as a heteromer with

physiological relevance it must meet at least two of the three

criteria outlined above in accordance with NC-IUPHAR

guidelines (24). Historically, demonstrating these properties of

receptor heteromers has been difficult due to a lack of

appropriate experimental tools to investigate heteromer

properties. With the use of the technologies outlined above,

the ability to verify the existence of receptor heteromers in native

tissue has become more achievable. This has led to an increase in

the amount of receptor heteromers being identified and

pharmacologically characterised.
Effects of Heteromerisation

Critical features of receptor heteromers are their unique

biochemical properties, which are distinct from the respective

protomers (20, 23, 24). These unique biochemical properties can

relate to any aspect of the heteromer’s pharmacology, including

ligand binding, signalling and trafficking. Allosteric interactions

between the complementary monomers within the heteromer

are the most commonly suggested mechanism for heteromer-

specific signalling (20, 45, 46).
Ligand binding

In receptor heteromers, allosteric modulation by the

complementary monomer resulting in different ligand binding

properties is a commonly observed novel biochemical property

(47). The effect and extent of these allosteric interactions is

highly variable. Positive allosteric modulation has been observed

at the d-m opioid receptor heteromer, with an increase in

maximum binding (Bmax) of the µ opioid receptor ligands

DAMGO and morphine observed in the presence of d opioid

receptor ligands (48). Positive allosteric modulation also appears

to occur within the CCR2b-CCR5 chemokine receptor

heteromer (9). Here, in competition binding assays, CCR5
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ligands were only able to compete for CCR2b radioligand

binding when CCR2b and CCR5 were coexpressed. Similarly,

in cells coexpressing CCR2b and CCR5 and treated with CCR2b

radioligand, there was a left shift in the CCR2b ligand

displacement curve. Negative allosteric modulation has been

observed in our studies using the Receptor-HIT assay (Johnstone

et al. (43)). We observed a decrease in the affinity of

fluorescently-labelled angiotensin II and propranolol when

bound to the respective receptor heteromerised within the

AT1-b2 heteromer, compared to the affinity of each ligand at

the respective non-heteromerised receptor.
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G protein coupling

Receptor heteromers are also capable of modulating G protein

coupling, as seen with the a2A adrenergic-m opioid receptor

heteromer (49) in which m opioid receptor activation with

morphine decreased the efficacy of noradrenaline in signaling

through Gi due to resulting conformational changes in the a2A

receptor. Additionally, increased potency of the m agonist-d
antagonist eluxadoline is observed in the presence of d-m
heteromers compared to the potency in the presence of m
opioid receptors only (50), however, whether this is due to
A

B

FIGURE 1

Receptor-Heteromer Investigation Technology (Receptor-HIT). Receptor A is fused to the first reporter component, Receptor B is unlabelled
with respect to the reporter system, and a receptor-interacting group is linked to the complementary second reporter component. (A) The first
reporter component is fused to the C-terminus of Receptor A and an intracellular interacting group is recruited to the heteromer upon
stimulation with an agonist selective for Receptor B, (B) or ligand binding to the heteromer is assessed by fusing the first reporter component to
the N-terminus of Receptor A and using a fluorescently-labelled ligand specific to receptor B as the interacting group/second reporter
component combination. Modified from Jaeger et al. (31) under a Creative Commons Attribution License (CC BY). Full terms provided at https://
creativecommons.org/licenses/by/3.0/.
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occupancy of both targets or heteromer-specific binding

properties of eluxadoline is unclear. Changes in the magnitude

of signalling in response to agonist-induced activation is a

commonly observed functional change as a result of

heteromerisation, with recent reports indicating roles for

he t eromer- spec ific s igna l l ing mechan i sms in the

pathophysiology of nervous system disorders such as

Huntington’s disease (51) and Parkinson’s disease (52).

Heteromerisation is also capable of changing the

predominant second messenger through which a protomer

signals. Examples of this can be seen with the switch from Gai

coupling to Gas coupling of the CB1 cannabinoid receptor when

heteromerised with the D2 dopamine receptor (53), and a switch

from Gas to Gai coupling of the D1 dopamine receptor when

heteromerised with the H3 histamine receptor (54). When d
and m opioid receptors heteromerise, they switch G protein

coupling preference from predominantly Gai to Gaz (55).

Additionally, melatonin is able to activate both the MT2

melatonin receptor-mediated Gai cascade as well as the 5-

HT2C serotonin receptor-mediated Gaq cascade through

transactivation within the MT2-5-HT2C receptor heteromer

(56). Recently, we have discovered novel G protein coupling

by the heteromer that forms between the angiotensin II AT2

receptor and the bradykinin B2 receptor. Although neither

receptor recruits Gaz following treatment with agonist, upon

their coexpression Gaz is recruited to the heteromer in a

bradykinin dependent manner (57).
Trafficking profiles

Research into receptor heteromer trafficking has been largely

focused on synthesis and trafficking to the plasma membrane,

with the goal to determine whether heteromerisation occurs

before or after reaching the plasma membrane. Results from

these studies have been mixed and suggest that the site of

formation of receptor heteromers is dependent upon the

specific receptors involved.

Much of the early research on the location of GPCR

oligomer formation investigated homomers (58–62). This

research revealed GPCR oligomers were capable of forming

constitutively on the plasma membrane, with further studies

also demonstrating that some class A homomers formed prior to

trafficking to the cell surface (63–65). It is, however, apparent

that homomers and heteromers differ from each other in the

impact oligomerisation has upon their function (66). As such,

heteromer-based studies were also needed to elucidate the

distinct trafficking profiles of heteromers.

Early reports on trafficking of the d-m opioid receptor

heteromer suggested the heteromeric complex forms at the

plasma membrane in response to G protein recruitment (67).

However, subsequent findings disagreed with this, instead giving

evidence for the heteromer forming constitutively in the
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endoplasmic reticulum (ER) and Golgi apparatus prior to

trafficking to the plasma membrane as a heteromer (55). Hasbi

et al. (55) attempted to reconcile the differences in observations

by suggesting Law et al. (67) staggered transfection of the two

receptors into cell culture, as they found this to produce non-

interacting receptor populations. Further evidence within the

literature also supports the finding that d-m opioid receptor

heteromers form prior to trafficking to the cell surface. Décaillot

et al. (68) reported heteromer formation in the ER and storage

within the Golgi apparatus prior to trafficking to the cell surface

mediated by receptor transport protein 4. This pathway of ER

synthesis and subsequent plasma membrane trafficking is

supported by data from other class A GPCR heteromers,

which have also been found to form prior to trafficking to the

cell surface (69–71). These data, combined with evidence

indicating some Class A GPCRs are not expressed on the

plasma membrane when transfected alone into heterologous

cells, has led to the suggestion that heteromerisation may play a

functional role in the maturation and targeting of Class A

GPCRs to the plasma membrane (72). This is supported by

studies that show co-expression of mutated GPCRs with wild-

type GPCRs results in the sequestration of a mutant-wild-type

heteromeric complex within the ER, preventing expression of

the heteromeric complex on the plasma membrane (73–77). It

should be noted that these studies utilise a mutant of the wild-

type receptor used. While this gives a clear demonstration of the

effect of mutation on homomer formation and resulting

subcellular sequestration, the extent to which this can be

applied to heteromers in unclear. Nonetheless, studies of the

a1D adrenoceptor demonstrated that heteromerisation with a1B

or b2 adrenoceptors is required for a1D adrenoceptor targeting

to the plasma membrane (69, 71), with similar results also shown

for targeting of olfactory receptors to the plasma membrane (70).

From this, it is apparent heteromerisation plays a role in the

targeting of some Class A GPCRs to the plasma membrane,

however the prevalence of this property among heteromers is yet

to be elucidated. Further heteromer studies utilising mutated

and wild-type receptors will assist in developing our

understanding of this facet of heteromer function.

Similar to heteromer cell surface trafficking, internalisation

pathways also appear to vary widely depending on the specific

heteromer. d-k opioid receptor heteromers do not undergo

substantial internalisation upon stimulation with the non-

selective opioid agonist etorphine, resulting in a change in

internalisation kinetics of d opioid receptors that show high

levels of internalisation as monomers and homomers (78). This

trend of one protomer exerting a dominant effect in relation to

internalisation trafficking has also been observed with other

GPCR heteromers (10, 79, 80). An example of this is provided

by Terrillon et al., (81) where they demonstrate the V2

vasopressin receptor has a dominant effect over the V1A

vasopressin receptor when stimulated with a non-selective

agonist, causing the heteromer to undergo prolonged
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trafficking with localisation to endosomes. This profile is

consistent with observations of trafficking of V2 monomers,

but significantly changes the trafficking profile of V1A, which

undergoes rapid recycling as a monomer (81–83). Subsequently,

Terrillon et al., (81) demonstrated that upon activation of V1A

with a selective agonist, the heteromer switched to exhibit a V1A

dominant trafficking profile. These data suggest that the V1A-V2

heteromer trafficking profile is dependent upon the activated

protomer. If the activation-dependent switching of trafficking

profiles is found to be a common feature of receptor heteromers

this adds another dimension of complexity to GPCR function

and signalling that must be taken into account in the

development of both non-heteromer targeted and heteromer

targeted therapeutics.
Effect of altered trafficking on signalling

The diversity in changes to trafficking profiles resulting from

heteromerisation has implications not only for heteromer

formation, cell localisation and cell surface expression, but also

for signalling.

An example where this relationship is particularly apparent

is the PAR1-PAR2 proteinase-activated receptor heteromer. The

PAR1-PAR2 heteromer internalises as a unit both constitutively

and upon cleavage of PAR1’s N-terminus by thrombin. The

cleaved N-terminus sequence acts as a tethered ligand for PAR1

that is also capable of transactivating PAR2 (84, 85). Following

stimulation, the heteromer co-internalises to endosomes with b-
arrestin leading to sustained b-arrestin-mediated ERK1/2

activation in the cytoplasm (86). This profile is unique to the

heteromer, as the observed trafficking aligns with the PAR1

protomer, while PAR2 trafficking switches from stable cell

surface expression to undergoing constitutive internalisation

along with PAR1 in addition to thrombin-stimulated

internalisation (86–88). Additionally, despite acquiring the

trafficking profile of PAR1, b-arrestin recruitment follows the

pattern seen with the PAR2 protomer upon activation by PAR2

agonist SLIGKV, with stable b-arrestin interactions formed that

co-internalise to endosomes resulting in prolonged cytosolic

ERK1/2 activation (89, 90), as opposed to transient b-arrestin
interactions observed with PAR1 protomers (91). The unique b-
arrestin interaction and internalisation properties of the PAR1-

PAR2 heteromer appear to have functional consequences for the

signalling of the heteromer-b-arrestin complex, as decreased

PAR1-mediated ERK1/2 nuclear translocation was observed

with activation of the heteromer compared to PAR1

monomers. Lin and Trejo (86) suggest this change in

signalling arises from the PAR2 protomer causing prolonged

cytoplasmic ERK1/2 activation while simultaneously limiting

PAR1 mediated ERK1/2 translocation to the nucleus. These

changes to endosomal b-arrestin-mediated signalling may be

important to the PAR1-PAR2 heteromer’s apparent pathological
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roles (92, 93), however research to elucidate this further is yet to

be conducted.

To date, few studies have characterised the effect

heteromerisation-induced altered trafficking has upon

physiological function. However, the accumulating body of

evidence showing changes to trafficking upon heteromerisation

offers exciting potential for therapeutically targeting this aspect

of heteromer pharmacology.
b-arrestin complexes

GPCR desensitisation and internalisation is largely mediated

by b-arrestins (94). It is now well established that b-arrestins also
mediate secondary signalling complexes as discussed briefly

above (95–97). Given the changes to internalisation and

trafficking observed with heteromerisation, it is not surprising

that changes in receptor interactions with b-arrestin are

also observed.

The AT1-AT2 angiotensin receptor heteromer associates

with b-arrestin2 following stimulation but does not

subsequently internalise (33). This is a change in b-arrestin
interactions for both receptors, as activated AT1 recruits b-
arrestin followed by internalisation of the receptor (98, 99),

while AT2 does not associate with b-arrestin following activation

and consequently does not undergo internalisation (99). Porrello

et al. (33) suggested this change may be a consequence of AT2

cross-inhibiting the internalisation of AT1 and that this

interaction may play a role in the antagonistic influence of

AT2 on the function of AT1 that is also observed (100).

Similarly, heteromerisation of the a1A-adrenergic and CXCR2

receptors results in stable recruitment of b-arrestin2 in response

to noradrenaline (32), in contrast to a1A adrenoceptor

monomers, which interact weakly with b-arrestins upon

stimulation with noradrenaline (101). More recently, it has

been shown that heteromerisation of AT1 and b2AR results in

increased b-arrestin recruitment to b2AR upon co-stimulation of

both receptors (37). These examples show changes to b-arrestin
interactions as a result of receptor cross-talk following

heteromerisation. Subsequent changes to downstream

signalling properties are yet to be elucidated for the given

examples, however the changes outlined could potentially have

significant effects on downstream function.

Heteromerisation is also capable of changing signalling from

G-protein dominant to b-arrestin dominant. CXCR4-CXCR7

chemokine receptor heteromer formation results in a decrease in

the Gai-dependent signalling of CXCR4 and leads to an increase

in b-arrestin mediated activation of ERK1/2, p38 MAPK and

stress-activated protein kinase (SAPK) cascades (102). d-m
opioid receptor heteromerisation and subsequent activation

results in the recruitment of b-arrestin2, which leads to a

profi l e o f sus ta ined b -ar r e s t in media ted ERK1/2

phosphorylation, in contrast to the transient ERK1/2
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phosphorylation exhibited by m receptor homomers (103).

Change in the relative signalling of G protein mediated and b-
arrestin mediated pathways following activation holds

implications for receptor function, similar to the switching of

G protein coupling previously mentioned. Despite this, changes

to heteromerisation-induced b-arrestin-mediated signalling

have not been thoroughly investigated. Future research may

shed further light on the effects of heteromerisation on

secondary signalling pathways, and how these changes may be

exploited in the future for pharmacological intervention.
Heteromer-targeted ligands

Two approaches have been used to produce ligands that target

heteromers. Heteromer-specific ligands and bivalent ligands are

both designed to selectively activate or inhibit heteromers over

their constitutive monomers (104). Both types of ligands have

been explored for research and therapeutic purposes.
Heteromer-selective ligands

Heteromer-selective ligands are novel ligands that are

developed to have selectivity for a specific heteromeric

complex. The ultimate aim in development of these ligands is

to establish heteromers as standalone targets for novel drug

action without undue modulation of the monomeric receptors

that constitute the heteromer.

d opioid receptor antagonist and k opioid receptor agonist

6’-guanidinonaltrindole (6’-GNTI) appears to act as a

heteromer-selective ligand at the d-k heteromer (105). The

signalling profile elicited by 6’-GNTI in the presence of both d
and k opioid receptors could not be attributed to the synergistic

effect of d receptor antagonism with k receptor agonism, with

Ca2+ release stimulated by 6’-GNTI in the presence of d and k
opioid receptors over five times more potent than in cells

expressing only the k opioid receptor, suggesting activation of

heteromer-unique signalling. Also consistent with heteromer-

specificity, 6’-GNTI exhibited high affinity binding in d and k
opioid receptor expressing cells, while the opioid ligands

norbinaltorphimine and naltrindole exhibited affinity values

that were not consistent with the affinities observed in cells

expressing either receptor alone, giving evidence for a

heteromer-specific binding complex in these cells.

Waldhoer et al. (105) report 6’-GNTI induced analgesia in

response to intrathecal injection, but not intracerebroventricular

injection in mice. Given that there is evidence for d-k heteromer

formation within the spinal cord (106), but evidence against d-k
heteromerisation within the brain (107), 6’-GNTI’s efficacy in

the spinal cord but not the brain gives further evidence for its

action as a heteromer-selective ligand. Finally, 6’-GNTI-induced

analgesia was blocked by d opioid receptor antagonist
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naltrindole and a d-k heteromer-selective bivalent antagonist

KDN-21, with the heteromer-selective antagonist blocking

analgesia with increased potency over the single receptor

antagonist. Taken together, these data strongly support 6’-

GNTI acting as a heteromer-biased ligand to produce

analgesia in the spinal cord (105). These studies were the first

strong evidence describing a heteromer-selective ligand,

highlighting the potential for the therapeutic targeting of

heteromers. Indeed, 6’-GNTI was recently shown to produce

prolonged anti-nociception compared to single receptor d or k
receptor agonists in rats (108), giving further support for 6’-

GNTI and specific targeting of the d-k heteromer as a promising

avenue for the development of novel pain treatments.

However, despite these promising results, other studies

investigating heteromer-specific l igands have given

mixed results.

Rashid et al. (11) investigated the effect of the purported D1

agonist SKF83959 on the signalling of the D1-D2 dopamine

receptor heteromer. Upon application of SKF83959, the D1-D2

heteromer signalled through Gaq as opposed to Gas and Gai for

the respective monomers. As such, Rashid etal. (11) suggested

SKF83959 elicits heteromer-selective activity through binding to

D1 as well as D2 when it is in the heteromeric conformation with

D1. However, these findings were challenged by Lee et al. (109)

who were unable to produce significant phospholipase C (PLC)

activation in HEK-293 cells coexpressing D1 and D2 receptors.

At high concentrations of SKF83959, a small increase in PLC

activation was observed, however this was shown to also occur in

wild-type HEK-293 cells and cells expressing only D1 receptors.

From these results Lee et al. (109) suggest that SKF83959 does

not act as a heteromer-selective ligand that activates Gaq

through the D1-D2 heteromer, but is instead a typical D1

receptor partial agonist. They suggest that the previously

reported PLC activation is attributable to the ligand’s effects

on off-target receptors due to the high concentrations of ligand

often used in SKF83959 studies (11, 110). These conflicting

results highlight the difficulty in identifying true heteromer-

biased ligands and the importance of tightly controlled

experimental designs to ensure the validity of any experiments

investigating such ligands.

Gomes et al. (111) gives an example of the potential clinical

relevance of heteromer-targeted ligands with the proposed d-m
opioid receptor heteromer-specific ligand CYM51010.

CYM51010 showed activity only in cells expressing both d and

m receptors. This activity was blocked by a heteromer-specific

antibody. CYM51010 exhibited higher EC50 values for b-arrestin
recruitment at d and m receptors compared to the heteromer,

while exhibiting higher EC50 values for G protein recruitment at

the heteromer compared to the respective monomers. Given this

evidence of specific G protein biased activity at the d-m
heteromer, the subsequent finding that CYM51010 produces

antinociception with decreased tolerance compared to morphine

provides an important proof-of-principle for the utility of
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heteromer-specific ligands as potential therapeutics. Further

research also provided two additional d-m heteromer-specific

ligands that show potential as novel antinociceptive therapeutics

(112, 113).

Despite the experimental and therapeutic potential of

heteromer-specific ligands, their development and discovery

remain limited. This is due to the difficulty in identifying

compounds that display the desired qualities without extensive

screening of compound libraries (111). Difficulties in the

identification and development of heteromer-specific ligands

have slowed the progression of research utilising such

compounds. As a result, techniques using bivalent ligands have

b e en d e v e l o p ed t o a t t emp t t o o v e r c ome t h e s e

practical limitations.
Bivalent ligands

Bivalent ligands consist of two pharmacophores joined by a

linker, allowing dual binding to each receptor within a protomer.

Bivalent ligands can be developed for homomers, whereby the

pharmacophores may be identical or different. Many such

ligands have been developed for research as well as potential

therapeutic purposes (114–117). Bivalent ligands can also be

developed for heteromers, whereby each ligand is targeted to one

constituent receptor within the heteromer. They have been

developed to study and screen receptor heteromers for their

specific effects on signalling (118). Due to their utilisation of

existing ligands with known properties, the development of

bivalent ligands is more readily achievable in comparison to

novel heteromer-selective ligands.

An example strategy of bivalent ligand development is

described by Harvey et al. (119), who combined low affinity d
opioid receptor ligands with high affinity m opioid receptor

ligands. The resulting bivalent ligands display increased affinity

for the d-m heteromer with decreased affinity for d receptor

homomers. This method provides an alternative strategy of

producing ligands with heteromer-specific properties that

overcome some of the practical challenges of screening for

new novel compounds. However, the utility of bivalent ligands

is limited by the properties of the constituent ligands, and as

such do not erase the need for research into novel heteromer-

biased and heteromer-selective ligands.

An early study utilising bivalent ligands demonstrated their

usefulness in heteromer identification and verification. Daniels

et al. (120) varied the length of the linker within a bivalent ligand

comprised of a m opioid receptor agonist and d opioid receptor

antagonist. Bivalent ligands with suboptimal linker length were

associated with the development of tolerance, while ligands with

optimal length linkers to bind to d-m heteromers were associated

with no significant tolerance developing. Given that previous

studies had established d opioid receptor blockade abolished

tolerance in response to chronic administration of a m opioid
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receptor agonist (121, 122), Daniels et al. (120) offers evidence

for the existence of d-m heteromers in vivo through the use of

bivalent ligands. Additionally, this study also showcases the

potential for using bivalent ligands to specifically target

receptor heteromers and their unique pharmacology to

provide improved therapeutic outcomes.

The majority of early studies investigating bivalent ligands

were limited by their inability to demonstrate a large difference

in the affinity of bivalent ligands compared to monovalent

l igands (120, 123). This is an important factor in

demonstrating binding to a receptor heteromer, as a large

difference in affinity can be expected when comparing

monomers to heteromers due to the additive affinity values of

two binding sites (124). This caveat was overcome through the

use of high-resolution crystal structures to map GPCR-ligand

complexes and the utilisation of this information to guide the

development of heteromer-targeted bivalent ligands (124).

Hübner et al. (124) successfully created a D2-NTS1 dopamine-

neurotensin receptor heteromer-biased bivalent ligand that

demonstrated affinity three orders of magnitude higher than

that seen for D2 receptors alone. Subsequently, they also

observed a switch in signalling properties of the bivalent

ligand from acting as a D2 agonist in cells expressing only the

D2 receptor, to attenuating D2 signalling when the D2-NTS1
heteromer was present. This demonstrated that appropriately

designed bivalent ligands have the ability to elicit receptor

activation profiles unique to the targeted receptor heteromer.

The success of this method in improving bivalent ligand

specificity has exciting implications for their future use in both

the investigation of receptor heteromers as well as

clinical applications.

Other recent examples include the application of bivalent

ligands to m-D4 heteromers, implicated in chronic pain and

addiction processes (125) and the m-CCR5 receptor heteromer

as a potential therapeutic to prevent neurological complications

in HIV (126). These studies show an increased awareness for the

importance of demonstrating high affinity values for heteromer-

targeted bivalent ligands, as do recent reports on homomer-

targeted bivalent ligands (127). The importance of this when

developing heteromer-targeted bivalent ligands is exemplified by

Peterson et al. (128), who, despite providing evidence for a m-
mGluR5 receptor heteromer bivalent ligand efficacious in

reducing neuropathic pain, suggest the ligand is not

specifically targeting heteromers. This is due to their

observation that an analog of the bivalent ligand with a linker

too short to span the binding sites of both receptors when

heteromerised showed similar efficacy to the bivalent ligand with

an appropriate linker length to target the heteromer. As such, it

is more likely that the efficacy of the bivalent ligand is a result of

synergistic effects of the bivalent ligand acting at each receptor as

monomers. However, the opposite has been found in a previous

study on the same heteromer, in which the bivalent ligand with

optimal linker length exhibited higher potency than the
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suboptimal linker-length bivalent ligand (129). These studies

investigated the effect of the bivalent ligand in differing models

of nociception; neuropathic hyperalgesia (128) and bone cancer-

induced chronic hyperalgesia (129), as such differing signal

transduction mechanisms between the two models may play a

role in the differing results observed. However, further research

is required to determine the effect of this and other potential

influential factors.
Examples of physiological relevance
to disease states

5-HT2A-mGluR2 Heteromers
in Schizophrenia

The 5-HT2A serotonin receptor and the mGluR2 glutamate

receptor signal through Gaq and Gai respectively, and are both

targets of atypical antipsychotics. Antipsychotics used to target

5-HT2A act as inverse agonists at the receptor to decrease Gaq

signalling. Antipsychotics targeting mGluR2 have an agonistic

affect increasing signalling through Gai (130). It has been

demonstrated that 5-HT2A and mGluR2 form a heteromer in

native tissue (131) and that in a non-pathological state this

heteromer acts to modulate signal transduction through each

receptor protomer to increase Gai signalling and decrease Gaq

signalling (130). Untreated patients with schizophrenia have

been observed to exhibit upregulation of 5-HT2A alongside

downregulation of mGluR2 (131), and this is postulated to

lead to a sub-optimal ratio of receptors for heteromerisation,

leading to decreased heteromer formation in schizophrenia (130,

132). From these findings it has been suggested that combination

therapy of a 5-HT2A inverse agonist such as risperidone (133)

and a mGluR2 agonist such as LY379268 will mimic the

signalling balance caused by the presence of the receptor

heteromer, leading to improved patient outcomes with

preclinical experiments supporting this hypothesis (130).

Despite this seemingly straightforward interaction between 5-

HT2A and mGluR2 mediated through heteromerisation, further

research has revealed complexities in the function of this

heteromer that may inform future targeting strategies (134, 135).
A2A-D2 Heteromer in the basal ganglia

GABAergic striato-pallidal neurons are involved in processing

of locomotor activity along with other functions of the basal ganglia

such as reward mechanisms (136). A2A adenosine receptors and D2

dopamine receptors are both highly expressed within these neurons

and have been demonstrated to form heteromers in native tissue

(27, 137, 138). It has been established that cross-talk occurs between

subunits within the heteromer, with A2A agonists decreasing the
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efficacy of D2 agonists (139). In addition to these unique

pharmacological characteristics of the heteromer, which have

implications for adenosine and dopaminergic signalling within

the basal ganglia, recent findings by Taura et al. (140)

demonstrate that maintenance of normal prepulse inhibition and

haloperidol-induced catalepsy are both dependent on signalling

from the A2A receptor, giving behavioural evidence for interaction

between A2A and D2 pathways. These data establish A2A and the

A2A-D2 heteromer as potential novel drug targets in the treatment

of dopaminergic system pathologies such as Parkinson’s Disease

(141). This has already progressed to clinical applications, with A2A

antagonist istradefylline approved as a treatment for Parkinson’s

Disease in Japan (142).
AT1-CB1 Heteromers in liver fibrosis

Upregulation of CB1 cannabinoid receptors occurs in active

hepatic stellate cells and contributes to liver fibrosis (143).

Treatment of CB1 with an antagonist results in decreased liver

fibrosis (143) and has also been found to improve liver steatosis

(144). The angiotensin II type 1 receptor (AT1) is also expressed

within activated hepatic stellate cells and plays a profibrotic role,

with AT1 antagonists also decreasing hepatic fibrosis (145, 146).

Historically, therapeutic targeting of cannabinoid receptors has

been complicated due to the prevalence of central nervous

system (CNS) side effects (147–149). Given this, the proposal

of an upregulated AT1-CB1 receptor heteromer within activated

hepatic stellate cells during liver fibrosis (150) presents a

potential novel target in the treatment of liver fibrosis, and

this has formed the basis of a recent patent for AT1-CB1

heteromer biased antibodies for the treatment of liver fibrosis

(151). This potential treatment aims to provide a strategy to

combat liver fibrosis, which is not susceptible to the adverse CNS

effects of existing CB1 antagonists. By producing a heteromer-

biased therapeutic, increased efficacy at hepatic stellate cells

leading to decreased fibrosis should be achievable, alongside

decreased CNS side effects through diminished activity of the

therapeutic at CB1 monomers and homomers within the CNS

and other non-target peripheral tissues.
Conclusion

Changes to GPCR function as a result of heteromerisation

presents a complex and potentially highly influential facet of

GPCR signalling. In order to properly understand, and

appropriately target GPCRs, the impact of heteromerisation

must be elucidated. The development of new technologies that

can monitor heteromer formation and pharmacology under

increasingly physiologically relevant conditions will be

important to aiding advances in heteromer identification. This
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will in-turn facilitate the development of heteromer-targeted

therapies into mainstream application, offering novel

therapeutic opportunities with the potential to improve

treatment outcomes.
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et al. Homobivalent dopamine D2 receptor ligands modulate the dynamic
equilibrium of D2 monomers and homo-and heterodimers. ACS Chem Biol
(2021) 16:371–79. doi: 10.1021/acschembio.0c00895

117. McRobb FM, Crosby IT, Yuriev E, Robert Lane J, Capuano B.
Homobivalent ligands of the atypical antipsychotic clozapine: design, synthesis,
and pharmacological evaluation. J Medicinal Chem (2012) 55:1622–34. doi:
10.1021/jm201420s

118. Berque-Bestel I, Lezoualc'h F, Jockers R. Bivalent ligands as specific
pharmacological tools for G protein-coupled receptor dimers. Curr Drug Discov
Technol (2008) 5:312–18. doi: 10.2174/157016308786733591

119. Harvey JH, Long DH, England PM, Whistler JL. Tuned-affinity bivalent
ligands for the characterization of opioid receptor heteromers. ACS Medicinal
Chem Lett (2012) 3:640–44. doi: 10.1021/ml300083p

120. Daniels DJ, Lenard NR, Etienne CL, Law PY, Roerig SC, Portoghese PS.
'Opioid-induced tolerance and dependence in mice is modulated by the distance
between pharmacophores in a bivalent ligand series. Proc Natl Acad Sci USA (2005)
102:19208–13. doi: 10.1073/pnas.0506627102

121. Abdelhamid EE, Sultana M, Portoghese PS, Takemori AE. Selective
blockage of delta opioid receptors prevents the development of morphine
tolerance and dependence in mice. J Pharmacol Exp Ther (1991) 258:299–303.

122. Fundytus ME, Schiller PW, Shapiro M, Weltrowska G, Coderre TJ.
Attenuation of morphine tolerance and dependence with the highly selective d-
opioid receptor antagonist TIPP [y]. Eur J Pharmacol (1995) 286:105–08. doi:
10.1016/0014-2999(95)00554-X

123. Gogoi S, Biswas S, Modi G, Antonio T, Reith MEA, Dutta AK. Novel bivalent
ligands for D2/D3 dopamine receptors: significant cooperative gain in D2 affinity and
potency. ACS Medicinal Chem Lett (2012) 3:991–96. doi: 10.1021/ml3002117

124. Hübner H, Schellhorn T, Gienger M, Schaab C, Kaindl J, Leeb L, et al.
Structure-guided development of heterodimer-selective GPCR ligands. Nat
Commun (2016) 7:12298. doi: 10.1038/ncomms12298

125. Qian M, Vasudevan L, Huysentruyt J, Risseeuw MDP, Stove C,
Vanderheyden PML, et al. Design, synthesis and biological evaluation of novel
bivalent ligands targeting dopamine D2-like receptors and µ opioid receptor.
ChemMedChem (2018) 13(9):944–56. doi: 10.1002/cmdc.201700787

126. Arnatt CK, Falls BA, Yuan Y, Raborg TJ, Masvekar RR, El-Hage N, et al.
Exploration of bivalent ligands targeting putative mu opioid receptor and
chemokine receptor CCR5 dimerization. Bioorganic Medicinal Chem (2016)
24:5969–87. doi: 10.1016/j.bmc.2016.09.059

127. Busnelli M, Kleinau G, Muttenthaler M, Stoev S, Manning M, Bibic L, et al.
Design and characterization of superpotent bivalent ligands targeting oxytocin
receptor dimers via a channel-like structure. J Medicinal Chem (2016) 59:7152–66.
doi: 10.1021/acs.jmedchem.6b00564

128. Peterson CD, Kitto KF, Akgün E, Lunzer MM, Riedl MS, Vulchanova L,
et al. Bivalent ligand that activates mu opioid receptor and antagonizes mGluR5
receptor reduces neuropathic pain in mice. Pain (2017) 158:2431–41. doi: 10.1097/
j.pain.0000000000001050

129. Smeester BA, Lunzer MM, Akgün E, Beitz AJ, Portoghese PS. Targeting
putative mu opioid/metabotropic glutamate receptor-5 heteromers produces
potent antinociception in a chronic murine bone cancer model. Eur J Pharmacol
(2014) 743:48–52. doi: 10.1016/j.ejphar.2014.09.008

130. Fribourg M, Moreno JL, Holloway T, Provasi D, Baki L, Mahajan R, et al.
Decoding the signaling of a GPCR heteromeric complex reveals a unifying
Frontiers in Endocrinology 13
mechanism of action of antipsychotic drugs. Cell (2011) 147:1011–23. doi:
10.1016/j.cell.2011.09.055
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Giménez JF, et al. Identification of a serotonin/glutamate receptor complex
implicated in psychosis. Nature (2008) 452:93. doi: 10.1038/nature06612

132. De Bartolomeis A, Buonaguro EF, Iasevoli F. Serotonin–glutamate and
serotonin–dopamine reciprocal interactions as putative molecular targets for novel
antipsychotic treatments: from receptor heterodimers to postsynaptic scaffolding and
effector proteins'. Psychopharmacology (2013) 225:1–19. doi: 10.1007/s00213-012-2921-8

133. Egan C, Herrick-Davis K, Teitler M. Creation of a constitutively activated
state of the 5-HT2A receptor by site-directed mutagenesis: Revelation of inverse
agonist activity of antagonists. Ann New York Acad Sci (1998) 861:136–39. doi:
10.1111/j.1749-6632.1998.tb10184.x

134. Moreno JL, Miranda-Azpiazu P, Garcıá-Bea A, Younkin J, Cui M,
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