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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY

= Nanobodies (single-domain antibodies) target G protein-coupled receptors (GPCRs), including orphan GPCRs.
= Nanobodies act as antagonists, agonists, or allosteric modulators to control GPCR signaling.
= Nanobodies improve precision and safety in treating diseases like cancer and neurological disorders.

= Nanobody engineering and Al-based design enhance drug targeting and therapeutic efficacy.
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GPCRs act as the core of cell signaling and play crucial roles in the devel-
opment and progression of major diseases, including cancer, neurological
disorders, and metabolic diseases. Nanobodies are single-domain antibod-
ies originally derived from camelids. They are small in size, easy to design,
highly penetrable, with a high affinity, and have become an ideal tool for
controlling GPCR signaling. Nanobodies can act as agonists, antagonists or
positive/negative allosteric regulators by recognizing the extracellular loops
(ECLs), ligand-binding sites, or allosteric sites of GPCRs, stabilizing specific
conformations and inducing biased signaling, which can significantly
improve the precision of regulation and the therapeutic window. In this arti-
cle, we summarize the action of nanobodies in regulating GPCRs: extracel-
lular and intracellular targeting, ligand site blockade, biasd signaling regu-
lation, structure-directed functional modification, and antagonistic proper-
ties of novel target GPCRs, such as CXCR4/CXCR7, APJ, and MC4R. We
evaluate their potential applications and advantages in viral GPCRs, peptide-
like receptors, and angiotensin receptors, among others. We also discuss
the cutting-edge applications of nanobodies in orphan GPCR targeting,
heterodimer modulation, transmembrane transport (e.g., crossing the blood-
brain barrier), and their potentials in difficult-to-formulate GPCRs. In the
future, along with Al-based structure prediction and high-throughput
screening platforms, nanobodies will be able to evolve intelligently from
function definition to precise construction. Especially in the context of
bispecific and multivalent constructs as well as nano-delivery systems,
nanobodies will be the engine of GPCR regulation strategies to provide
safer, more specific, and efficient treatments for refractory neurological,
metabolic, and tumor diseases.

INTRODUCTION

G-protein-coupled receptors (GPCRs) are integral membrane proteins that
play a central role in cellular communication by transmitting signals from
extracellular ligands through conformational changes in their transmem-
brane (TM) helices." Due to their involvement in various physiological
processes, GPCRs have become key targets for drug discovery, particularly
for cancer, diabetes, immune disorders, and neurological diseases.” However,
the isolation and characterization of biologically active GPCR antigens pose
significant challenges due to their intrinsic hydrophobicity, dynamic confor-
mational states, and complex structure, which includes seven TM helices and
variable extracellular exposure.” While certain GPCRs, such as class C GPCRs
and glycoprotein hormone receptors, possess large extracellular domains
that aid in ligand accessibility, others have limited extracellular exposure and
low surface expression, which complicates drug development efforts.*

GPCRs are a large group of proteins targeted by many medicines-30% to
40% of approved drugs act on them, mainly as small molecules or short

peptides. Table T summarizes the main features of the different drug forms.
Importantly, factors to consider include not only epitope binding and pharma-
cokinetic properties, but also the functional roles of different drug modes in
regulating receptor conformation and biased signaling. Small molecules, for
example, have favorable pharmacokinetics, absorption, and synthesis.”
Despite these advantages, developing small-molecule drugs that can selec-
tively and effectively modulate specific GPCR isoforms—variations of GPCRs
encoded by the same or closely related genes—remains highly challenging
due to the vast diversity within this protein family.* Lack of isoform specificity
often leads to off-target effects, reduced efficacy, and adverse reactions,
especially in treating complex diseases like cancer and neurological disor-
ders. In addition, the performance of small-molecule GPCR ligands in clinical
trials has often been affected by target-specific pharmacokinetics, off-target
effects, and tissue distribution limitations. In some cases, frequent doses are
required, or the drug fails to reach protected areas (e.g., the central nervous
system). In many GPCR drug discovery projects, the focus is still on ligands
and relies on known endogenous ligands or well-validated surrogate
agonists/antagonists. For orphan GPCRs, the model faces challenges: the
lack of known ligands makes assay design challenging and hinders progress
in high-throughput chemical screening.

Antibody-based therapies have emerged as a promising and technically
alternative, offering enhanced specificity, binding affinity, and prolonged
serum presence. Polyclonal antibodies have been widely developed for
detecting membrane GPCRs in experimental studies. Although monoclonal
antibodies offer greater specificity compared to polyclonal antibodies and
small molecules, their use in targeting GPCRs is hindered by several chal-
lenges. Due to their large size, monoclonal antibodies often struggle to
access buried or intracellular epitopes on GPCRs, limiting their ability to fully
modulate receptor function.® Furthermore, antibody discovery and manufac-
ture are costly, and few agents have clinical approval, such as Moga-
mulizumab for C-C chemokine receptor type 4 (CCR4)-positive T-cell
leukemia, and Erenumab, an antagonist of the calcitonin gene-related peptide
type one receptor (CALCRL) for migraines, and the bispecific antibody
Talquetamab for relapsed or refractory multiple myeloma.” In addition to
antibody-based strategies, other modalities, such as hormones and thera-
peutic peptide drugs, can mimic endogenous ligands and bind to the orthos-
teric site, but they are usually rapidly hydrolyzed and degraded by proteases
and lack favorable pharmacokinetic properties without chemical modifica-
tions. While natural ligands can bind receptors with high affinity, they are
limited in their ability to regulate conformational bias and in long-term
systemic exposure.

A promising alternative to GPCR-targeting drugs is nanobodies (single-
domain antibodies from camelids, VHH). Their small size (12—15 kDa) allows
tissue penetration and access to epitopes that are not accessible to conven-

2 The Innovation Life 4(2): 100176, April 20, 2026

www.the-innovation.org/the-innovation-life


mailto:tianfeng@hebeu.edu.cn
mailto:lvjianjun@topgenebio.com
mailto:lingjingjin@tongji.edu.cn
mailto:zhangchao@shsmu.edu.cn
mailto:tianfeng@hebeu.edu.cn
mailto:lvjianjun@topgenebio.com
mailto:lingjingjin@tongji.edu.cn
mailto:zhangchao@shsmu.edu.cn
https://doi.org/10.59717/j.xinn-life.2026.100176
https://doi.org/10.59717/j.xinn-life.2026.100176
https://doi.org/10.59717/j.xinn-life.2026.100176
https://creativecommons.org/licenses/by/4.0/
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life

Table 1. Comparative summary of major therapeutic modalities targeting GPCR.

Feature/Criterion

Small Molecules

Nanobodies

Conventional Antibodies

(mAb) Hormones/Peptides

Molecular Size

~ 300-700 Da

~12-15kDa

~150-160 kDa ~ 0.5-5kDa

. . |
Manufacturing Mature chemical synthesis Recombinant expression Complex biologic production Peptlde.synthesm/ g
recombinant
. . i i L 3J
Target Epitope Orthosteric pocket Cryptlc/allostenc e Surface-exposed only Natural orthosteric sites 5
epitopes o)
Accessibility Broad; limited CNS Access hidden sites Restricted by size Depends on exposure é
=
Subtype Selectivity Often limited High High for accessible epitopes High )
L . -
Biased Signaling Control  Limited Strong po_tent|al ol GO T AT Limited Depends on ligand nature =
stabilization )
N Short half-life; oral Rapid clearance without Often short due to
Pharmacokinetics . . — . Long .
possible engineering; engineerable proteolysis
BBB Penetration Often limited £t t.han ”?Ab; engineering Poor Limited
strategies exist
Off-Target Effects Moderate-high Low Very low Variable
Clinical Experience Extensive Emerging Established in some fields  Established in endocrinology
Development Cost Relatively low Moderate-high High Moderate
S
[ C
ﬂ Q . Nanobody
Cc
Qﬁ e

Conventional antibody(150 kDa)

Camelid heavy-chain antibody

Figure 1. Schematic representation of conventional antibodies and camel heavy-chain antibodies' variable domain (V,;H)/nanobody (Nb) (A) Conventional antibody (~150
kDa) includes two light chains (V,), two heavy chains (Vy), and constant regions (CH;, CH,, CHs, C,). (B) Camelid heavy-chain antibody (HCAb) lacks light chains and consists of a
single variable domain (VH, nanobody, ~15 kDa) with constant regions (CH,, CHz). The right panel depicts the nanobody's 3D structure.

tional antibodies(Figure 1).° A large CDR3 region allows binding to hidden
epitopes on GPCR receptors, such as the B2-adrenergic receptor and the p-
opioid receptor(UOR), thereby enhancing affinity and selectivity and reducing
off-target effects.*” Nanobodies are not a universal substitute for small
molecules, especially for well-known targets (e.g., CXCR4, WOR). Rather,
nanobodies excel where other molecules fail. Nanobodies distinguish
subtypes or states more sharply than small molecules by engaging ECLs or
recessed conformation-selective epitopes, as with MC4R-selective orthos-
teric nanobody antagonist pN162. For therapies aimed at stabilizing a
specific receptor conformation or biasing signaling, nanobodies act as
conformational clamps, a function absent in other ligands. Nanobodies also
provide a modular platform (multivalency, bispecificity, ligand-nanobody
conjugates) to tune avidity, residence time, pathway preference, and can
modulate biased signaling by stabilizing specific conformational states of
GPCRs, which is not possible with small molecules or conventional antibod-
ies, and can control receptor biased signaling pathways more precisely
(Figure 2). For example, for the type 1 parathyroid hormone receptor (PTHRT,
Table ST), nanobodies can convert a standard agonist into a highly selective
ligand that activates specific signaling pathways for therapeutic benefit while

avoiding off-target effects.” While small molecules and other GPCR ligands
can induce biased signaling, nanobodies uniquely stabilize specific GPCR
conformations that are often inaccessible to conventional ligands. This char-
acteristic is particularly beneficial for conditions that require selective modu-
lation of signaling pathways. In chronic pain management, for instance,
nanobody-induced biased signaling at opioid receptors (ORs) has been
shown to alleviate analgesic side effects by avoiding the activation of harm-
ful signaling pathways.” Engineering can extend the serum half-life of
nanobodies, supporting sustained effects and low immunogenicity for
chronic diseases.'”'" In summary, despite the complexity of GPCR drug
targets, nanobodies provide unparalleled specificity and affinity, precise
control of signaling bias, and enable advanced modulation strategies, includ-
ing targeting of orphan GPCRs, across a wide range of diseases.'”

NANOBODIES: EXTRACELLULAR VS. INTRACELLULAR

Nanobodies targeting GPCRs can be classified by binding site into two
types: intracellular nanobodies (intra-VHHSs, also known as intrabodies) and
extracellular nanobodies (extra-VHHSs), the stabilities of which can be influ-
enced by disulfide bonds, but the reducing environment of the cytoplasm
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Figure 2. Modulation of GPCR signaling by extracellular nanobodies Extracellular nano

bodies can influence GPCR function in multiple ways. Some nanobodies act as agonists,

directly activating the receptor; others act as positive allosteric modulators (PAMs) to enhance ligand-induced signaling, negative allosteric modulators (NAMs) to reduce recep-
tor activation, or antagonists to block ligand binding. These different modes of action reshape downstream signaling networks, including G protein-mediated pathways, second
messenger production (CAMP, IP3/DAG), kinase cascades (PKA, PI3K/Akt, MAPKSs), and transcriptional responses (e.g., NF-kB, NFAT, CREB). Colored markers in the diagram indi-

cate the respective binding sites of ligands and nanobodies on the receptor.

may not consistently maintain disulfides. Thus, the functionality of intra-
VHHs depends on their intrinsic sequence and folding stability, with specific
amino acid modifications used to enhance resilience while maintaining bind-
ing specificity.® Conversely, the oxidizing extracellular conditions promote
disulfide bond formation and improve structural stability in extra-VHHs.* Intra-
VHHs have been shown to function as biosensors, capable of detecting
conformational changes in GPCRs, or as direct regulators of intracellular
processes. By altering interactions with signaling molecules such as G
proteins and B-arrestins, intra-VHHs can support pathway-specific (biased)
signaling. When fused to fluorescent markers, intra-VHHs enable visualiza-

tion of receptor activation, subcellular signaling, and GPCR dynamics in live
cells.*

Extra-VHHSs bind to extracellular regions of GPCRs and can act as antago-
nists, inverse agonists, or positive/negative allosteric modulators (PAMs/
NAMs) with high specificity (Figure 2)." These nanobodies modulate the
actions of endogenous ligands by interacting with orthosteric or allosteric
sites, promoting receptor conformations that selectively engage G proteins or
B-arrestins (Figure 3). As a result, they can enhance therapeutic effects, mini-
mize off-target activity, and reduce adverse signaling.”'* Owing to their versa-
tility, extra-VHHs are valuable as therapeutic leads and as tools for investi-
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Figure 3. Schematic representation of GPCRs in a complex with VHH and various ligands (A) Cryo-EM structure of the Nb29-a;,AR-miniGsq complex bound to the agonist
oxymetazoline, illustrating selective modulation of receptor activation and nanobody-stabilized conformations (PDB ID: 7YM8). (B) Cryo-EM structure of the Nb29-a;,AR-
miniGsq complex interacting with noradrenaline, highlighting nanobody-mediated stabilization of receptor conformation and miniGaq coupling (PDB ID: 7YMH). (C) X-ray crystal-
lographic structure of the CXCR4 chemokine receptor bound to the antagonist ITD, with OLC and OLA ligands, accompanied by an extracellular nanobody, showcasing ligand-
binding versatility in nanobody-stabilized receptor states (PDB ID: 30DU). (D) Cryo-EM structure of the OX2R receptor complexed with nanobody Sb51 and the small-molecule
agonist XGD, demonstrating allosteric stabilization and structural modulation (PDB ID: 7L1V). (E) Cryo-EM structure of the mGIuR2 receptor in complex with the agonist
LY3547407 and nanobody DN13, illustrating nanobody binding's role in biased signaling modulation (PDB ID: 7TEPB). (F) X-ray crystallographic structure of the mGlu5 receptor
bound to nanobody Nb43 and the orthosteric endogenous agonist L-glutamate, highlighting nanobody interactions at the apex of the VFT domain and their contribution to recep-
tor activation and ligand selectivity (PDB ID: 6N51). (G) Cryo-EM structure of the ACKR3/CXCR7 receptor in complex with cholesterol and an extracellular nanobody, highlighting
receptor conformation regulation by lipid-like molecules (PDB ID: 7SK8). (H) X-ray crystallographic structure of the ATTR receptor in complex with the angiotensin-like peptide
S118, stabilized by nanobody AT118i4, illustrating nanobody-facilitated biased signaling (PDB ID: 6DO1). (I) Cryo-EM structure of the p-opioid receptor (LOR) in complex with
nanobody NbE, showing nanobody stabilization of the active receptor state (PDB ID: 8Q0T). (J) Cryo-EM structure of the melanocortin-4 receptor (MC4R) with nanobody pN162
and ligand Setmelanotide, highlighting dual orthosteric and allosteric interactions (PDB ID: 8QJ2). (K) Cryo-EM structure of ATTR with nanobody AT209, bound to the small-
molecule antagonist olmesartan, demonstrating probe-dependent allosteric modulation of ligand dissociation kinetics (PDB ID: 9EAH). (L) Cryo-EM structure of AT1R bound to
losartan and nanobody AT206, representing another example of small-molecule/nanobody synergy in receptor modulation (PDB ID: 9EAI). These structures demonstrate diverse
GPCR-nanobody interactions and were sourced from the Protein Data Bank (PDB, https://www.rcsb.org) The blue boxes indicate the binding sites of the nanobodies and ligands.

gating GPCR structure, function, and allosteric mechanisms. nanobodies enable more precise pathway modulation and reduce the risk of

off-targeting.”®

Extracellular nanobody acting as antagonist

Nanobodies targeting the extracellular structural domain of GPCRs (extra-
VHHSs) are currently focused on chemokine receptors for research and trans-
lation and show significant therapeutic potential in oncology, immune
diseases, and HIV. The core mechanism is to bind to the receptor's ECLs
and/or orthosteric sites, disrupting ligand-receptor interactions and inhibiting
downstream signaling, thereby reducing pathological processes such as cell
migration, proliferation, and immune escape. With high epitope specificity,

A major therapeutic objective is to inhibit CXCR4 and CXCRT7 signaling,
given their roles in cancer progression, immune regulation, HIV pathogenesis,
embryogenesis, hematopoiesis, and immune-cell trafficking. Dysregulation of
these pathways is associated with enhanced tumor proliferation, metastasis,
and survival."” CXCR4 and CC chemokine receptor 5(CCR5) are also central to
HIV entry into CD4" T cells , making them key targets for antiviral
intervention.'® Nanobodies 238D2, 238D4, and 10A10 are highly selective
monovalent neutral antagonists that recognize extracellular-loop epitopes
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(e.g., ECL2) of CXCR4, compete with CXCL12, and selectively inhibit CXCL12-
CXCR4 signaling and suppress CXCR4-dependent chemotaxis and CXCR4-
tropic HIV entry.'” Constructing 238D2 and 238D4 into bivalent forms signifi-
cantly enhances their affinity and efficacy while mobilizing CD34" stem cells.
Their efficacy is comparable to that of the classic CXCR4 antagonist plerix-
afor (AMD3100)." Notably, the monovalent form exhibits neutral antagonism,
whereas the biparatopic form can display inverse agonist activity against the
constitutively active mutant CXCR4-N3.35A , further enhancing the inhibition
of pro-tumor signals.'” Additionally, monovalent or bivalent nanobodies such
as VUN401 and VUN403 can bind partially overlapping epitopes of CXCR4,
exhibit broad-spectrum anti-HIV activity, and, to a certain extent, separate the
anti-HIV effect from broader CXCR4 inhibition, thereby enabling more precise
targeting.”” While VUN402 shows limited impact on CXCR4 internalization
and chemotaxis, it remains a candidate for selective anti-HIV strategies.'”
Furthermore, VUN400-HIBIT acts as a living-cell conformational probe,
complemented by LgBIT to form NanoLuc, which reports real-time binding to
CXCR4 ECL2 in HEK293 and Jurkat T cells, detecting extracellular conforma-
tional changes induced by agonists/antagonists. For example, binding of
AMD3100 to the transmembrane region displaces VUN400-HiBiT from ECL2,
facilitating monitoring of receptor expression and distinguishing orthosteric/
allosteric ligand effects.”” A variety of ACKR3/CXCR7 nanobodies exhibit high
selectivity and potency at different sites on the cell surface.”’ Among them,
Nb2 and Nb3 act as competitive antagonists to inhibit ACKR3-induced B-
arrestin2 recruitment; in contrast, Nb1 behaves as an ACKR3 agonist, achiev-
ing biased regulation by competitively substituting for ACKR3 and reducing
CXCL11/CXCL12 clearance.” Building on these findings, researchers fused
Nb1 and Nb3 to create Nb4, which further increases affinity, blocks B-
arrestin2 signaling, boosts CXCL11-driven angiogenesis, and limits tumor
growth. The ACKR3-specific antagonist VUN701 blocks the upward move-
ment of TM7 by steric inhibition and prevents the conserved NPxxY motif.
The key is to insert the extended CDR3-hairpin into the orthosteric pocket of
ACKR3. CDR1/CDR2 interacts with the N-terminal and ECL domains. Thus,
they differ from similar receptors such as CXCR3 or CXCR4. VUNT701 steri-
cally blocks TM7 movement, stopping NPxxY motif activation, and blocks
CXCL11 signaling (ICs, = 105 nM, KB = 23.3 nM, pKB = 8.64) and CXCL12
activation (ICgo = 157 nM, KB = 9.8 nM, pKB = 8.01) , while controlling CXCL12
potency by concentration (Kp = 10 nM, pK; = 8.00). At the same time, it can
regulate the potency of CXCL12 in a concentration-dependent manner (KB =
18.2 nM, pKB = 7.74) and selectively acts on the biased pathway without
changing the efficacy of B-arrestin2 recruitment.”” Modifications to the CDR1
region of VUN70T enable it to show antagonist activity against CXCR4 while
maintaining its inhibitory effect on ACKR3. Compared with small molecules
such as ACT-1004-1239 (ICs = 3.2 nM, Table ST), nanobodies exhibit similar
or better site specificity. In the B-arrestin2 competition assay, its ICs; is
0.2—-20 nM (pICsq = 7.7-9.7), and through CDR modifications, it can be repro-
grammed as an agonist, partial agonist, or inverse agonist, thus enhancing
therapeutic potential.””

Another important target for extra-VHHs is CXCR2, a chemokine receptor
to different epitopes at the N-terminal and can strongly inhibit CXCR2 signal-
ing.”” For instance, nanobodies such as 97A9, 163E3, and 163D2 function as
inverse agonists, inhibiting CXCR2 signaling induced by CXCL1 and CXCLS,
especially bivalent nanobodies.””” While their efficacy in vitro assays may be
lower than that of small molecules, they provide distinct advantages in recep-
tor modulation.”®” Small molecules, such as navarixin (ICs = 0.97 nM,
Table S1), are very effective but often face off-target effects, short serum half-
lives, and a limited therapeutic window. Since the immune response may
neutralize or alter the drug's efficacy, the long-term stability of nanobodies
and the risk of anti-drug antibodies (ADA) should be emphasized.”*
Nonetheless, engineering approaches like PEGylation or sequence optimiza-
tion can mitigate immune-related concerns, enhance stability, and preserve
selectivity, which is particularly beneficial for managing chronic diseases.™

The viral GPCR US28, encoded by human cytomegalovirus (HCMV), binds
multiple human chemokines, activates proliferation/inflammatory signaling,
and nanobodies targeting the extracellular region of US28 with nanomolar
affinity can inhibit chemokine binding and US28 signaling.” Its bivalent form
can partially inhibit US28* glioblastoma (GBM) cells by targeting both ligand-

dependent and constitutive activities.”** VUN100 targets Tyr16 and ECL3,
can be conjugated with photosensitizers, and induces cytotoxicity in US28-
positive GBM cells.”® The bivalent form, with enhanced affinity, has a partial
inverse agonist effect (inhibiting about 50% of signaling). Additionally,
VUNT100 can selectively activate latent HCMV in primary CD14* monocytes to
regulate replication and clear viral reservoirs, and may synergize with antivi-
ral therapy. In comparison to small molecules like VUF2274, nanobodies
such as VUNT00 can be tuned to further increase target specificity and mini-
mize off-target activity through receptor-tailored interactions.'**

Novel nanobodies targeting Chemerin Receptor 23 (ChemR23) and the
angiotensin Il type 1 receptor (AT1R) have shown potential for cardiovascu-
lar and inflammation treatment. This is achieved using a general epitope-
guided approach, which relies on yeast display synthetic libraries and fluores-
cence-activated cell sorting/magnetic-activated cell sorting (FACS/MACS)
screening. Notably, molecular structures such as CA4910 and CA5183 offer
high specificity and potential for engineering. For instance, CA4910 inhibits
partial signals of chemerin (half-maximal inhibitory concentration, ICs, = 60 +
10 nM, Table ST) and exhibits even stronger inhibition of chemerin
(149-157)(ICsp = 17 + 2 nM, Table ST), whose large CDR3 region further
enables access to cryptic epitopes.”” This high specificity minimizes off-
target effects, addressing a critical limitation of small-molecule antagonists
like CHEMR23-IN-2 (ICs = 3.2 nM, Table S1), which cannot exploit allosteric
probe dependence or conformation-selective binding, as seen in
AT206/AT209 nanobodies (Figures 3K-L)."* Nanobodies exhibit engineer-
ing flexibility, as demonstrated by bivalent CA4910 , which displayed
increased binding affinity (Ky = 95 £ 4 nM, Table ST) and competitive binding
potency (ICsy = 18 + 4 nM) compared to its monovalent form, leading to
nearly complete inhibition of chemerin-induced intracellular calcium release
(ICsg = 17 £ 2 nM, Table ST). Similar to the AT118-AT206 chimaera, multiva-
lency amplifies functional efficacy while preserving target specificity.” Unlike
small molecules, nanobodies uniquely combine compact size, evolvable
scaffolds(e.g., single-point mutations converting AT209 from an allosteric to
a competitive antagonist; Figure 3K), and compatibility with bispecific
formats.” For ATTR-targeted therapeutics, nanobodies such as AT118 and
AT118i4 demonstrate precise pharmacological reprogramming.”” AT118i4
acts as a high-affinity inverse agonist (Ky = 48.4 nM) with signaling
bias—modulating Gq activation (ECs, = 83 nM) and B-arrestin recruitment
(ECs = 130 nM, Table ST), which mirrors the structure-guided engineering of
AT206, where CDR1 substitution converted allosteric modulation to competi-
tive antagonism.® In vivo, AT118i4 reduces arterial pressure by 28.5 + 4.2
mmHg in hypertensive models, achieving efficacy comparable to losartan
while avoiding non-selective receptor perturbation.”"** Critically, nanobodies
exploit ECLs for isoform discrimination, as seen in AT209's ECL2 B-sheet
interaction (Figure 3K) and AT206's direct contact with losartan
(Figure 3L)l7h,¢3—45

In the realm of YOR analgesic target, conventional opioids like morphine
and fentanyl have limitations in use due to adverse effects, including respira-
tory depression and dependency. Building on this approach, the antagonistic
nanobody NbE—targeting the extracellular domain of pOR with its
CDR3—binds aromatic residues Tyr'® Phe'”, Tyr'® as well as crucial sites in
the transmembrane region (e.q., His?’, Asp'*"), forming a B-hairpin structure
that deeply penetrates the orthosteric pocket of UOR.” NbE establishes
hydrogen bonds and hydrophobic interactions with these residues to inhibit
LOR activity effectively (Figure 3l). Selective targeting of HOR by NbE relies on
interactions with ECL2 (Lys®@ ,Arg*'", and GIn*'?) and ECL3 (GIu®"%), demon-
strating specific binding preferences(Figure 31). Mutational analysis indicated
that KRQL-A mutations decreased binding affinity, underscoring the impor-
tance of the ECLs in isoform recognition. NbE effectively blocks
DAMGO/morphine-induced cAMP inhibition and B-arrestin recruitment with
high affinity in the nanomolar range (Ky=56 nM, Table ST1) and maintains its
antagonistic properties when expressed on the membrane via GPI anchoring.
The cyclic peptide 8 based on the CDR3 structure (with a D-Pro-L-Pro rigid
scaffold) reproduced the function of NbE (K; = 39 nM), completely reversing
the DAMGO effect at 10 uM and showing no cross-activity against other ORs,
thus achieving the molecular miniaturization of the active centre of the
nanobody. The insertion-type binding mechanism of the pOR family
nanobody complex structure provides a new paradigm for non-addictive
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analgesics, and the CDR3 peptide inherits the targeting ability of nanobodies.

Among class A GPCRs, only orexin receptor 2 (OX2R) and apelin receptor
(APJ) have formed complex structures with extra-VHHs. The anti-OX2R
nanobody Sb571 binds atop a small-molecule agonist, partially overlapping
the binding site of the natural peptide orexin B (Figure 3D), potentially stabiliz-
ing conformations linked to biased signaling.”” JN241, a nanobody antago-
nist targeting APJ, binds with K = 83 pM via extensive ECL interactions and
CDR3 insertion; it inhibits cAMP (ICsy = 5.9 nM) and B-arrestin recruitment
(ICsp = 7.0 NM).”® Small-molecule APJ antagonists (MM54, ICgy = 93 nM) and
peptide antagonists (ALX 40-4C, ICsy = 2.9 uM) are less potent and lack the
precision of nanobody-receptor engagement,** highlighting the potential of
nanobody-based antagonists to offer enhanced receptor modulation in
selectively biased signaling pathways, using their high specificity and struc-
tural precision, positioning them as promising candidates for therapeutic
development in complex GPCR systems.*"*

Extracellular nanobody acting as agonist or PAM

Beyond antagonism through blockade of endogenous ligand binding,
extracellular nanobodies can also activate GPCRs as agonists or potentiate
signaling as positive allosteric modulators (PAMs). For most class A GPCRs,
the relatively short N-terminus and limited ECL surface make it difficult to
generate conventional monoclonal antibodies that recognize native confor-
mations, in contrast to many class B GPCRs, which have larger, more anti-
genic N-terminal domains. As a result, agonistic or PAM-like nanobodies for
class A targets are typically obtained through structure-guided selection/
engineering rather than classical immunization.

A representative example is the apelin receptor APJ (a Gai-coupled class A
GPCR) with endogenous ligands Apelin and Apela, which regulates humoral
homeostasis and cardiovascular function; an agonistic antibody format could
therefore have therapeutic value in chronic heart failure.”’ Guided by the APJ-
ligand structural framework and inspired by the antagonist JN241 that binds
ECL2, the agonistic nanobody JN241-9 was engineered: insertion of a tyro-
sine residue between E104 and S105 converted JN241 into the full agonist
JN241-9, illustrating that targeted, structurally guided mutations—particularly
in CDR3—can switch pharmacology from antagonism to agonism. Notably,
the engineered nanobody showed pathway selectivity, favoring G protein
signaling over B-arrestin recruitment, consistent with biased modulation.*

In class C GPCRs, the first reported PAM nanobodies for mGlu2—DN10
and DN13—enhance the agonistic potency of LY379268.° They engage
partially overlapping epitopes within the orthosteric ligand-binding region and
potentiate the inhibitory effects of the orthosteric mGlu2/mGlu3 agonist DCG-
IV in hippocampal slices. DN10 displays intrinsic agonist activity (partial
mGlu2 activation), whereas DN13 alone has no effect; yet, in the presence of
DN13 (Figure 3E), a low concentration of DCG-IV nearly reaches the maximal
effect seen with saturating drug concentrations (30.5 + 1.9%). Given DN10's
partial agonism, DN13 was considered more selective and was preferred for
in vivo studies. When infused into the CA3 region of the hippocampus, DN13
alone did not affect contextual fear memory consolidation, but it significantly
enhanced the effect of low-dose DCG-IV, further disrupting contextual fear
memory without altering fear memory consolidation. Together, these data
underscore the selective role of mGlu2 homodimers in memory modulation
and illustrate how nanobody PAMs can fine-tune receptor responses via
biased signaling. VPAC1 (vasoactive intestinal peptide receptor 1) monova-
lent nanobodies targeting the extracellular N-terminal domain are highly
specific and have moderate affinity for the receptor, but lack functional activity.
Their binding is enhanced by VPAC1 agonists (VIP, PACAP-27) and weak-
ened by antagonists, suggesting weak allosteric regulation under these
conditions.” After fluorescent conjugation, they can detect VPACT on human
leukocyte surface at levels comparable to mouse monoclonal antibodies, and
can be used for immunohistochemical staining of human gastrointestinal
tissue sections.

Nb29 and other nanobodies targeting the a;, adrenergic receptor (a;,AR)
have shown their versatility as PAMs.” Nb29 selectively binds to the extra-
cellular vestibule of a;,AR, distinct from the orthosteric pocket, with a prefer-
ence for the oxymetazoline-bound state. This binding either stabilizes the
receptor in an inactive conformation or prevents ligand access to the orthos-
teric pocket, thereby inhibiting receptor activation (Figures 3A-B). Although

Nb29 does not act as an agonist and does not significantly affect the ECgq
values of oxymetazoline or norepinephrine, it moderately reduces the recep-
tor's maximal signaling efficacy. This suggests that Nb29 may function as a
weak PAM or neutral allosteric modulator, with its CDR3 loop forming charge
networks with E180%? and E305"%, and a cation-mt interaction with F308"%,
stabilizing the inward conformation of TM7; residues at 7.35 are also known
to be important for PAM/NAM binding in muscarinic acetylcholine receptors.
Nb29 shifts agonist competition curves more strongly for oxymetazoline than
for noradrenaline, due to a preference for the oxymetazoline-bound state, and
emphasizes the conformation dependence of its function.

Similar to monoclonal antibodies, screening directly for nanobodies that
function as agonists or PAMs remains challenging. However, targeted GPCR
nanobodies acting as agonists can be obtained through direct structural or
genetic engineering techniques, or by coupling them to natural peptide
agonists or their analogs.

Extracellular nanobody targeting MC4R: full agonist development

MC4R is a class A GPCR that is important for appetite and energy balance
via the leptin-melanocortin system, an established target for obesity treat-
ment.*>** However, current drugs lack selectivity. Peptide agonists such as a-
MSH (ECso: 1.9 nM, 0.9 nM, and 30.0 nM, Table 2) or setmelanotide (ECs: 11.5
£ 4.1 nM, 2.1 nM, 451.0 nM, Table 2) for MC1R, MC3R, and MC5R can cause
off-target, pigmentation-related side effects. Table 2 summarizes represen-
tative MC4R agonists from nanobody, peptide, and small-molecule modali-
ties, outlining differences in potency, signaling, selectivity, and safety profiles.
To address subtype specificity, a fully activating orthosteric nanobody
agonist, pN162, was isolated from an immunized camelid repertoire using a
screening strategy with an MC4R-B2AR chimeric receptor and a conforma-
tional binder (ConfoBody, Cb80).” Notably, cryo-EM at ~3.4 A reveals that the
elongated CDR3 of pN162 inserts deeply into the MC4R orthosteric pocket
and occupies the ligand-binding space. Unlike melanocortin peptides, pN162
uses the CDR3 residue R107 and mimics the Ca?* binding site by forming salt
bridges with E100%%° and D126%%, both of which are required for Ca?*-depen-
dent peptide activation. This enables pN162 to activate MC4R by driving key
conformational changes, such as TM6 movement, DRY motif remodeling,
and CWxP/toggle-switch shifts needed for downstream signaling (Figure
BJ)_T

As a structural mechanism, pN162 has high selective power both in bind-
ing and functionally. At 1 pM, it binds MC4R but not other human
melanocortin receptor homologs. Functionally, it can activate MC4R  signifi-
cantly (ECsy = 12.5 + 5.8 nM) but does not activate MCTR/MC3R/MC5R, and
thus selectively agonistically targets MC4R in these systems. The structural
basis for this selectivity is further supported by three MC4R residues—
V1032% (contacting CDR1 F29), F184*® (contacting 1'%%), and Q273%%
(contacting framework Y®") -which form exclusive contacts with pN162 not
conserved or only partially conserved in other melanocortin receptor
subtypes. Definitive attribution, however, will require reciprocal cross-subtype
mutagenesis.”’

At the signaling level, pN162 can activate Gs and arrestin, and partially acti-
vate Gq pathways. Its Gq signaling activity(ECs,=121.3 nM, Table 2) is much
lower than that of setmelanotide (EC5,=9.9 nM, Table 2).°" Given that Gg-
related pathways can affect cardiovascular function, this difference may be
important for safety discussions. Notably, previous studies have shown that
setmelanotide does not affect blood pressure or heart rate. Together, these
findings indicate that pN162 leverages both 'orthosteric occupancy-driven
activation' and 'subtype-specific interface determinants." This dual mecha-
nism compensates for some off-target effects of peptide agonists and
supports the use of the nanobody strategy to target precise interventions in
MC4R-associated CNS and metabolic diseases.

THERAPEUTIC APPLICATIONS OF NANOBODY AND FUTURE PROSPECTS
FOR GPCRS
Nanobodies for Orphan GPCRs

Orphan GPCRs (0GPCRs) are a class of GPCRs without clearly identified
endogenous ligands.”* The absence of natural ligands and limited signal
annotation restricts traditional small-molecule R&D, which relies on endoge-
nous clues. Small molecules also have difficulty achieving subtype selectivity
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among homologous GPCRs, raising developmental challenges. Still, oGPCRs
are linked to various diseases, presenting significant drug discovery opportu-
nities (Table 3).”

Nanobodies are not a new idea: they target cell-surface epitopes, stabilizing
specific receptor conformations and pathway states, activating or inhibiting
receptors in the absence of endogenous ligands, and inducing biased regula-
tion.”**" Nanobodies frequently exhibit higher subtype selectivity among
homologous receptors, which reduces the risk of off-target effects.”” When
combined with engineering methods that extend half-life and enhance stabil-
ity, nanobodies become more feasible for long-term treatment of chronic
diseases.”**”

0oGPCRs such as GPR6 and GPR37 are linked to neurodegenerative
diseases, including Parkinson's disease (PD). GPR6 regulates the dopamine
pathway, and GPR37 regulates the dopamine transporter. Imbalanced GPR37
can worsen disease progression and symptoms. Thus, nanobodies targeting
GPR6/GPR37 may be promising signal reprogramming tools.””" In
metabolism, protective variants of GPR75 are linked to anti-obesity effects,
suggesting that nanobodies targeting GPR75 could address obesity and
metabolic syndrome.” In cancer, GPR161 is considered pro-tumor in adult
neural tube-derived tumors. Selective GPR161 inhibition may suppress tumor
growth while sparing normal tissues.” In cardiovascular and inflammatory
diseases, GPR17 functions as a receptor for tissue damage and plays a role
in the response to brain injury and inflammation. Nanobodies targeting
GPR17 can modulate its activity, promoting repair mechanisms to enhance
recovery following stroke or traumatic brain injury.”*”® GPR183 controls
immune cell behavior, and GPR183 nanobodies offer targeted immunomod-
ulation in chronic inflammation, such as inflammatory bowel disease (IBD).”

0oGPCRs offer targets for neurological, metabolic, oncological, cardiovas-
cular, and inflammatory diseases. Nanobodies—with small size, high affinity,
and conformational selectivity—regulate oGPCR signaling, enhancing treat-
ment specificity and effectiveness to address unmet clinical needs.

Bispecific and multivalent nanobodies for GPCR heterodimers

Nanobody engineering provides a practical approach to studying complex
interactions among GPCR heterodimers. It also presents a novel therapeutic
approach for these interactions.'”* Unlike monomeric or homodimeric GPCRs,
heterodimers exhibit distinct pharmacological properties, including altered
binding, receptor activation, signaling, and trafficking, which regulate
metabolic functions, cardiovascular health, immune response, and neural
responses. ”'*" Recent studies have shown that heterodimerization of
GPCRs can affect binding affinity, downstream signaling, and receptor
translocation, suggesting that we need more precise tools to control signal-
ing and optimize pharmacodynamics in therapeutic interventions.'*

Bispecific formats can bind simultaneously to both protomers of a
heterodimer, achieving dual-site occupancy/dual-channel regulation.'” This
mode of engagement enhances selectivity and improves pharmacodynam-
ics while potentially reducing the risk of off-target effects. The multivalent
format can bind to multiple sites or receptor complexes, increase affinity and
conformational stability, and prolong functional duration.'”'*

In the central melanocortin system, MC3R and MC4R can form
heterodimers that alter how the receptors regulate energy balance and
appetite. As a result, bispecific or trivalent nanobody formats could, in princi-
ple, be designed to target these interactions more precisely than single-target
ligands.'”"*" Similar approaches can also be applied in oncology (where
heterodimers play a role in tumorigenesis and metastasis) and cardiovascu-
lar/inflammatory diseases (e.g., the pathways of GPR17 and GPR183).”“' In
general, bispecific, trivalent, and multivalent nanobodies provide an extensi-
ble toolkit for targeting GPCR heterodimers and should better balance safety
and efficacy.

NANOBODIES IN GPCR MODULATION: MECHANISMS, CHALLENGES,
AND FUTURE DIRECTIONS

Nanobodies that target the extracellular regions of GPCRs (extra-VHHS)
recognize specific sites on the receptor surface, with ECL2 being a common
binding site. In class A GPCRs, ECL2 is often the longest and most struc-
turally distinct loop, shaping the channel for the entry and exit of molecules
and influencing drug recognition, activation, and selectivity.*” However,

ECL2's flexibility makes it difficult for traditional drugs to bind effectively.
Nanobodies, with their small size and flexible structure, can access cryptic
and conformation-dependent epitopes and modulate these extracellular
regions. Supporting this, the anti-CXCR4 nanobody VUN400 can bind to ECL2
and modulate receptor activity,”” while nanobodies targeting ChemR23 and
AT1R also use key surface regions (including areas near ligand-binding sites)
to achieve selectivity and regulate function.”"*

Functionally, extra-VHHs can block or compete with natural ligands at their
binding sites, acting as antagonists or agonists, or they can act as NAMs or
PAMs to alter the effects of antagonists or agonists (Figure 3). It should be
emphasized that NAM/PAM effects are highly dependent on the receptor-
ligand context: a NAM may still reduce signaling output even when the recep-
toris already bound to an agonist, and a PAM may also disrupt the coopera-
tive allosteric mechanism in an amplifying manner, highlighting the need for
careful balancing of allosteric effects in therapeutic design.'* A key benefit of
extra-VHHSs is their ability to recognize specific receptor shapes: generating
nanobodies from camelids using cells that display GPCRs with native post-
translational modifications, molecules that recognize authentic, conformation-
dependent receptors are often produced.” This increases specificity,
reduces unwanted side effects, and helps guide signals toward the desired
response, fitting the goals of precise drug targeting.'**

A representative technological advancement is CLAMP (Conjugation of
Ligands and Antibodies for Membrane Proteins), which links short GPCR
ligands to the C-terminus of nanobodies via chemical coupling, forming a
ligand-antibody conjugate that can accurately target receptors and regulate
signal transduction.'* By tethering a ligand close to the receptor, CLAMP can
transform weak or poorly selective ligands into potent, functionally biased
modulators. For example, coupling the weak PTH(1-11) peptide to a high-
affinity anti-PTHR1 nanobody (Nbprs:) Yields a conjugate with ECgy = 3 nM,
matching the activity of full-length PTH (1-34, ECg, > 500 nM) in Gs/cAMP
signaling while abolishing B-arrestin and Gg/Ca*" pathways (Table S1), thus
functioning as a highly selective PTHR1 agonist with > 5000-fold enhanced
signaling bias—an attractive direction for separating beneficial from harmful
signaling in diseases such as osteoporosis. Furthermore, CLAMP enables
transactivation of neighboring GPCRs: the nanobody binds one receptor,
while the linked peptide activates another, thus extending understanding of
GPCR signaling. Additionally, CLAMP's flexibility is demonstrated by its use
with GLP1R (glucagon-like peptide-1 receptor)—attaching inactive GLP1
(glucagon-like peptide-1) mutants to nanobodies restores Gs activity and
blocks B-arrestin signaling, suggesting new strategies for treating metabolic
disorders.” In essence, nanobodies’ dual role as inhibitors and precise
allosteric carriers, highlights their potential as therapeutic interventions.

Overcoming physiological barriers, such as the blood-brain barrier (BBB), is
amajor hurdle for biologics targeting central nervous system (CNS) indica-
tions. The tightly joined endothelial cells and selective transport systems
restrict entry of large biomolecules into the CNS, and only a small proportion
of peripherally administered proteins reach the brain. Nanobodies have
emerged as promising tools for CNS delivery due to their relatively small size,
structural simplicity and often cationic charge, which enables interaction with
the negatively charged cell membrane and promotes brain uptake via
adsorptive-mediated transcytosis. Notably, nanobodies may overcome
biological barriers, such as the BBB more efficiently than conventional anti-
bodies. Engineered nanobody constructs have demonstrated the potential to
exploit these pathways; however, achieving consistent and efficient BBB
penetration remains a formidable task. To address these delivery challenges,
receptor-mediated transcytosis (RMT) systems—such as Trojan Horse
strategies using nanobody fusions with ligands targeting the transferrin
receptor (TfR), which is highly expressed on brain endothelial cells—have
been explored to enhance CNS uptake of biologics.'”"'* For instance, TfR-
targeting nanobody constructs can deliver linked proteins, such as
neurotensin (NT), into the brain, demonstrating functional RMT transport.'*
Optimizing receptor engagement, trafficking, and transport efficiency to
favour transcytosis and minimize intracellular degradation remains an ongo-
ing challenge. Furthermore, nanobodies’ simple structure facilitates human-
ization and generally reduces immunogenicity, while their versatility as
orthosteric antagonists/agonists or allosteric modulators enables precise
control of signaling pathways—an advantage for developing targeted thera-
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Table 3. Representative GPCRs targets associated human diseases.

GPCR Classification  Orphan Receptor Names Associated Diseases References
GPR6 Parkinson disease n
GPR17 Stroke, Brain and spinal cord trauma, Multiple sclerosis "
GPR20 Gastrointestinal stromal tumor "
GPR26 Obesity, Neurodegenerative diseases "
GPR27 Hepatocellular Carcinoma, Gastric cancer HEL
GPR37 Parkinson disease, Inflammation, Pain, Autism, Brain tumors. 0
GPR37L1 Familial progressive myoclonus epilepsy &l
GPR39 Neurodiseases, Cardiometabolic disease &
GPR45 Obesity 8
GPR52 Schizophrenia, Psychiatric disorders &
GPR61 Obesity, Cachexia 8
GPR64 X-linkedcongenital bilateral absence of the vas deferens (CBAVD); Male infertility ~ *°

A GPR75 Metabolic syndrome, Obesity e
GPR84 Inflammation ge2
GPR85 Schizophrenia o0
GPR101 X-linked acrogigantism o
GPR171 Anxiety and mood disorder o
GPR139 Neuropsychiatric and behavioural disorders o
GPR141 Autoimmune disease o
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Figure 4. Schematic overview of GPCR expression strategies Various methods are used to prepare GPCR antigens. These include recombinant peptides from the N-terminal or
loop regions of GPCR (A), nanodiscs with GPCR (B), liposomes carrying GPCR (C), cell membrane fragments containing GPCR (D), cells with enhanced GPCR expression (E), and
virus-like particles (VLP) presenting GPCR (F). Other methods use DNA immunisation in mice (G) and purified full-length GPCR proteins (H).

pies for neurological and immune disorders."”

Nanobody drugs targeting GPCRs begin with library selection: naive
libraries are broad but often require significant optimization to achieve high
affinity and potency. Immunized libraries are higher-affinity binders but entail
additional time and logistical challenges. Furthermore, synthetic libraries
eliminate the need for animal immunization but rely heavily on library design
and selection conditions (Figure 5). Once the appropriate library is selected,
antigen preparation is crucial, particularly given the conformational diversity
of GPCRs arising from their seven transmembrane segments. Techniques
such as protein fusion, virus-like particles (VLPs), and membrane-mimetic
models maintain the native target structure during selection (Figure 4). By
combining efficient GPCR antigen preparation with advanced antibody
screening, teams generate diverse therapeutic nanobodies with high speci-
ficity and affinity for their targets, which provides a solid foundation for
targeted GPCR drugs and accelerates advancements toward new and effec-
tive therapeutic solutions.

Advancements in nanobody technology have greatly expanded their thera-
peutic potential, enabling applications beyond the conventional. Developing
bivalent and bispecific nanobodies with two identical or different paratopes
improves their binding avidity is improved through dual-paratope
binding.""*'*" As a result, such nanobodies are valuable for treating complex
diseases involving multiple signaling pathways, such as cancer and neuro-
logical disorders.'* For example, Fc-fused nanobodies can trigger antibody-
dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxi-
city (CDC).” CXCR4-targeting nanobodies show increased potency in inhibit-
ing CXCR4-mediated signaling and HIV entry;'*” they also induce ADCC- and
CDC-mediated cell death in CXCR4-overexpressing cells, highlighting the
flexibility of nanobody-based approaches in addressing complex disease
mechanisms.'? Nanobodies can also promote biased signaling by selectively
stabilizing specific GPCR conformations, thereby avoiding detrimental effects
and demonstrating superior receptor targeting and therapeutic performance
compared with monovalent nanobodies."'** Recent developments include
PAGERs (Programmable Antigen-Responsive Cellular Behavior GPCRs),
which combine high-affinity nanobodies and conditional self-inhibitors at the
extracellular N-terminus of GPCRs, triggering receptor activation and allow-
ing control of downstream responses such as transgene expression, real-
time fluorescence signaling, and endogenous G-protein activation.* Impor-
tantly, these systems also highlight emerging challenges in controllability,
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durability, and in vivo performance that must be addressed before broader
therapeutic translation.

Nanobody-based therapeutics targeting GPCRs show promise but face
challenges, including rapid renal clearance, proteolytic degradation, and
limited tissue residence. Approaches encompassing protein engineering and
nanoparticle-based delivery seek to address these challenges by enhancing
half-life and biodistribution but introduce trade-offs in terms of size, activity,
and manufacturability, underscoring the need for optimized design and deliv-
ery mechanisms that ideally combine experimental and computational
strategies to enhance stability and efficacy."” Artificial intelligence (Al) will
fundamentally address key challenges in nanobody-based GPCR therapy
(Figure 5). By analyzing large datasets, Al can early improve nanobody bind-
ing, stability and selectivity early, minimising trial-and-error."**'** Machine
learning models can further advance molecular design by predicting
nanobody-GPCR interactions and enabling new techniques such as bispe-
cific nanobodies.'*""*” Al supports manufacturing by pre-selecting molecules
for stability and production efficiency.'”' For GPCRs in particular, Al will be
most powerful when coupled with experimentally resolved structures and/or
computationally sampled conformational ensembles, enabling prioritization
of conformation-selective epitopes, screening of CDR3 geometries compati-
ble with recessed pockets and ECL topologies, and early filtering for manu-
facturability and polyreactivity risks.'* A realistic near-term roadmap would
focus on Al-guided VHH design using structural and conformational ensem-
bles combined with iterative functional selection, rather than simply replacing
experimental screening with in silico predictions.”” The JAM (Joint Atomic
Modelling) platform enables rapid, large-scale generation of functional anti-
GPCR VHHs—producing hundreds of highly selective, picomolar-affinity
nanobodies targeting CXCR4 and CXCR7, including the first reported CXCR7
antibody agonists (ECs, = 63 nM) with potencies close to the endogenous
ligand SDF-1 (ECsg = 22.5 nM)."** JAM's experiment-guided targeted genera-
tion system can generate over 300 ideal CXCR7 agonists in a week with a
single sample, achieving more than 7500-fold enrichment in functional
success rate, expression yield, and stability, and can design complex func-
tional nanobodies without iterative experimental screening.'””  Future
advances, including test-time computational scaling (e.g., JAM multi-round
self-optimization) and predictive modeling, will enable the modeling of
conformational changes and signaling pathways, and generate antagonistic
antibodies simultaneously to direct and control signaling bias in the GPCR
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Figure 5. Schematic overview of the process for nanobody (Nb) production and optimization Nanobody production begins with the construction of libraries, which can be
immune libraries from immunized camelids, naive libraries from non-immunized animals, or semi-synthetic libraries designed in silico with targeted CDR diversification. Once
constructed, these libraries are screened using display platforms such as phage, yeast, E. coli, fungi, mammalian cells, plant cells, insect cells, ribosome display, and mMRNA
systems. Advanced artificial intelligence engineering techniques are then applied to optimize nanobody properties, including predicting nanobody-antigen interactions, reducing
polyreactivity, improving physicochemical properties, and predicting the structures of the VHH and CDR3 regions.

pathway. Al models will also take into account early factors, such as expres-
sion levels, monomer stability (> 90%), low multispecificity (e.g., a BVP score
significantly lower than that of Ustekinumab), and high yield (> 75 mg/L) to
ensure the product is suitable for large-scale industrial development and
optimization. Additionally, the compact, flexible JAM-generated nanobodies
seamlessly integrate with next-generation delivery platforms, improving
targeting, half-life, and biodistribution. Future JAM developments, including
multi-round computational optimization and ligand-induced conformational
modeling, aim to predict epitopes for complex multi-transmembrane confor-
mations and non-templated scaffold generation (with deviations from natural
antibodies exceeding 7A), providing access to previously unreachable GPCR
states and assemblies. Together, these advantages position JAM as a
distinct leader in translating nanobody-based modulation of GPCRs into
viable clinical therapies.

Multifunctional nanobodies link immune cells with targeted therapies,
including antibody-drug conjugates (ADCs), CAR-T cell therapies, and bispe-
cific antibodies targeting GPCRs expressed in tumors, thus enhancing thera-
peutic precision. When conjugated with drugs or imaging agents, nanobodies
form nanobody-drug conjugates (NDCs), which specifically target cancer
cells, minimizing collateral damage to healthy tissues.'**'** Nanobodies can
also serve as antigen recognition domains in CAR-T cells, enhancing T-cell
recognition and facilitating the elimination of GPCR-expressing tumor cells.

As these technologies advance, future clinical trials will be crucial for assess-
ing their safety, long-term efficacy, and potential for broader applications.
Their success could establish nanobodies as a transformative mainstream
therapy for complex GPCR pathway-related diseases.

SUMMARY

Extra-VHHSs, also referred to as nanobodies, are emerging as a feasible tool
for GPCR drug discovery, as traditional small molecules or peptides often
struggle to achieve subtypes selectivity or to stably achieve predictable signal
outputs. By recognizing ECL regions of receptors or more cryptic conforma-
tion-sensitive epitopes, extra-VHHs can act as antagonists/agonists to
modulate receptors or as allosteric modulators, stabilizing specific receptor
conformations, and fine-tuning signaling bias. Nanobodies thus offer greater
therapeutic value in disease states that require wider therapeutic windows
and reduced off-target effects within a given drug class. A number of chal-
lenges must be addressed when translating the clinical use of nanobodies,
including but not limited to tissue distribution, low in vivo exposure due to
renal clearance, protease degradation, the risk of immune response, and
production and formulation constraints. Potential solutions involve strategies
such as extending half-life  (Fc/albumin  binding, PEGylation),
multivalent/bispecific design, and enhanced delivery methods (especially in
CNS scenarios). In the future, Al and structure-guided processes will likely
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function as experiment-driven accelerators: on the one hand, by characteriz-
ing conformational ensembles of GPCRs and identifying extracellular
epitopes relevant to the desired drug, on the other hand, by suggesting CDR
structure designs geometrically matched to the ligand entry/vestibule regions
and excluding potential development risks (e.g., aggregation, polyreactivity,
lack of stability). A near-term approach will not let Al replace traditional
screening. Instead, it will focus on defining structures and conformational
ensembles, creating Al-generated candidate designs, building focused
libraries, performing functional screening for bias and potential, using itera-
tive optimization, and generating GPCR nanobody therapeutic candidates
with conformational selectivity and improved delivery and developability, all
with greater efficiency.

ABBREVIATIONS

CWxP (toggle)

CWHxP toggle switch motif
Programmable Antigen-Responsive Cellular

Abbreviation

Full term

GPCR(s) G-protein-coupled receptor(s)
™ Transmembrane (helix)
FDA U.S. Food and Drug Administration
BBB Blood-brain barrier
Variable domain of heavy chain-only
R antibody/Nanobody
extra-VHH Extracellular nanobody
intra-VHH Intracellular nanobody
CDR Complementarity-determining region
ECL/ECL1/2/3 Extracellular loop(s)
PAM/NAM Positive/Negative allosteric modulator
GPI Glycosylphosphatidylinositol (anchor)
cAMP Cyclic adenosine monophosphate
Ca Calcium ion
Gs/Gq Gs-protein/Gqg-protein
B-arrestin Beta-arrestin
. Equilibrium dissociation constant/Inhibition
KD/Ki
constant
1C50/ECsy Half-maximal inhibitory/effective concentration

pKD/pKB/pICsq

Negative log KD/KB/ICs

IF Immunofluorescence (context-dependent)
FRET Forster resonance energy transfer
cryo-EM Cryogenic electron microscopy

HEK?293 Human embryonic kidney 293 cells

ADA Anti-drug antibody

RMT Receptor-mediated transcytosis

TfR Transferrin receptor

ADCC/CDC ggr'gl:::glr;;igstetﬂgi?;fyelIuIar/compIement—
NDC/ADC Nanobody-drug/Antibody-drug conjugate
CAR-T Chimeric antigen receptor T cell

VLP Virus-like particle

MACS/FACS Magnetic-/Fluorescence-activated cell sorting
NGS Next-generation sequencing

Al Artificial intelligence

DRY motif Asp-Arg-Tyr motif

PAGERS Behavior GPCRs -

CLAMP fﬂc;r:#ubgrz:::r;?;tléli%z;nds and Antibodies for O;
APJ Apelin receptor 5
OX2R Orexin receptor type 2 8
HOR p opioid receptor §_
PTHR1 Parathyroid hormone receptor type 1 g
VPACI1 Vasoactive intestinal peptide receptor 1 E
a;,AR a,, adrenergic receptor (D
AT1R Angiotensin Il type 1 receptor

ChemR23 Chemerin receptor 23

GLP1R Glucagon-like peptide-1 receptor

mggE/MmR/MC] R/ Melanocortin receptor 4/3/1/5

CCR4/CCR5 CC chemokine receptor 4/5

giggi/CXCRw C-X-C chemokine receptor 2/3/4

ACKR3 (CXCR7) Atypical chemokine receptor 3

us28 HCMV-encoded chemokine receptor US28
HCMV Human cytomegalovirus

GBM Glioblastoma

HIV Human immunodeficiency virus

Vasoactive intestinal peptide/Pituitary adenylate
cyclase-activating polypeptide-27
Parathyroid hormone fragments

VIP/PACAP-27
PTH(1-34)/(1-11)

DCG-1V/LY379268
NbE, Sb51, JN241T,
JN241-9,
DN10/DN13, Nb29,
AT118/AT118i4/AT2
06/AT2009,
CA4910/CA5183,
VUN100/VUN401-
403/VUNT701

JAM Joint Atomic Modeling

mGlu2/3 orthosteric agonists

(Study-specific nanobody names)

GLP-1 Glucagon-like peptide-1

REFERENCES
1. Tao V. X. (2020). Molecular chaperones and G protein-coupled receptor maturation

and pharmacology. Mol. Cell Endocrinol. 511:110862. DOI:10.1016/j.mce.2020
110862

2. Chaudhary P. K. and Kim S. (2021). An insight into GPCR and G-Proteins as cancer

drivers. Cells 10:3288. DOI:10.3390/cells 10123288

3. Patwardhan A, Cheng N. and Trejo J. (2021). Post-translational modifications of g

protein-coupled receptors control cellular signaling dynamics in space and time.
Pharmacol. Rev. 73:120-151. DOI:10.1124/pharmrev.120.000082

4. Toth A. D, Turu G. and Hunyady L. (2024). Functional consequences of spatial,

temporal and ligand bias of G protein-coupled receptors. Nat. Rev. Nephrol.
20:722-741.DOI:10.1038/s415681-024-00869-3

5. Beck H., Harter M., Hal B,, et al. (2022). Small molecules and their impact in drug

discovery: A perspective on the occasion of the 125th anniversary of the Bayer
Chemical Research Laboratory. Drug Discov. Today 27:15660-1574. DOI:10.1016/j
drudis.2022.02.015

6. Laeremans T, Sands Z. A, Claes P., et al. (2022). Accelerating gpcr drug discovery

with conformation-stabilizing vhhs. Front. Mol. Biosci. 9:863099. DOI:10.3389/fmolb
2022.863099

7. De Groof T. W. M., Bobkov V., Heukers R., et al. (2019). Nanobodies: New avenues

J—

The Innovation Life 4(2): 100176, April 20, 2026 13



https://doi.org/10.1016/j.mce.2020.110862
https://doi.org/10.1016/j.mce.2020.110862
https://doi.org/10.3390/cells10123288
https://doi.org/10.1124/pharmrev.120.000082
https://doi.org/10.1038/s41581-024-00869-3
https://doi.org/10.1038/s41581-024-00869-3
https://doi.org/10.1038/s41581-024-00869-3
https://doi.org/10.1038/s41581-024-00869-3
https://doi.org/10.1038/s41581-024-00869-3
https://doi.org/10.1038/s41581-024-00869-3
https://doi.org/10.1038/s41581-024-00869-3
https://doi.org/10.1016/j.drudis.2022.02.015
https://doi.org/10.1016/j.drudis.2022.02.015
https://doi.org/10.3389/fmolb.2022.863099
https://doi.org/10.3389/fmolb.2022.863099

www.the-innovation.org/the-innovation-life

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

for imaging, stabilizing and modulating GPCRs. Mol. Cell Endocrinol. 484:15-24.
DOI:10.1016/j.mce.2019.01.021

Zhang M. Chen T, Lu X, et al. (2024). G protein-coupled receptors (GPCRs):
Advances in structures, mechanisms, and drug discovery. Signal Transduct. Target
Ther.9:88. DOI:10.1038/s41392-024-01803-6

Sachdev S., Creemer B. A, Gardella T. J., et al. (2024). Highly biased agonism for
GPCR ligands via nanobody tethering. Nat. Commun. 15:4687. DOI:10.1038/s41467-
024-49068-5

Heukers R., De Groof T. W. M. and Smit M. J. (2019). Nanobodies detecting and
modulating GPCRs outside in and inside out. Curr. Opin. Cell. Biol. 57:115-122.
DOI:10.1016/j.ceb.2019.01.003

. Alexander E. and Leong K. W. (2024). Discovery of nanobodies: A comprehensive

review of their applications and potential over the past five years. J. Nanobiotechnol.
22:661. DOI:10.1186/s12951-024-02900-y

Cheng L., Xia F., Li Z, et al. (2023). Structure, function and drug discovery of GPCR
signaling. Mol. Biomed. 4:46. DOI:10.1186/s43556-023-00156-w

Raynaud P., Gauthier C., Jugnarain V., et al. (2022). Intracellular VHHs to monitor
and modulate GPCR signaling. Front. Endocrinol. (Lausanne). 13:1048601. DOI:10.
3389/fendo.2022.1048601

Shen S., Zhao C., Wu C, et al. (2023). Allosteric modulation of G protein-coupled
receptor signaling. Front. Endocrinol. (Lausanne). 14:1137604. DOI:10.3389/fendo.
2023.1137604

Van Hout A, Klarenbeek A., Bobkov V., et al. (2018). CXCR4-targeting nanobodies
differentially inhibit CXCR4 function and HIV entry. Biochem. Pharmacol.
1568:402-412. DOI:10.1016/j.bcp.2018.10.015

. Santana D. S, Silva M. J. A, de Marin A. B. R, et al. (2023). The influence between c-

¢ chemokine receptor 5 genetic polymorphisms and the type-1 human
immunodeficiency virus: A 20-year review. AIDS Res. Hum. Retroviruses 39:13-32.
DOI:10.1089/AID.2022.0111

Jahnichen S., Blanchetot C., Maussang D., et al. (2010). CXCR4 nanobodies (VHH-
based single variable domains) potently inhibit chemotaxis and HIV-1 replication
and mobilize stem cells. Proc. Natl. Acad. Sci. USA 107:20565-20570. DOI:10.1073/
pnas.1012865107

de Wit R. H., Heukers R., Brink H. J., et al. (2017). CXCR4-Specific nanobodies as
potential therapeutics for whim syndrome. J. Pharmacol. Exp. Ther. 363:35-44.
DOI:10.1124/jpet.117.242735

Bobkov V., Zarca A. M., Van Hout A,, et al. (2018). Nanobody-Fc constructs targeting
chemokine receptor CXCR4 potently inhibit signaling and CXCR4-mediated HIV-
entry and induce antibody effector functions. Biochem. Pharmacol. 168:413-424.
DOI:10.1016/j.bcp.2018.10.014

Soave M., Heukers R., Kellam B., et al. (2020). Monitoring allosteric interactions with
cxcrd using nanobit conjugated nanobodies. Cell Chem. Biol. 27:1250-1261 e1255.
DOI:10.1016/j.chembiol.2020.06.006

Maussang D., Mujic-Delic A., Descamps F. J., et al. (2013). Llama-derived single
variable domains (nanobodies) directed against chemokine receptor CXCR7 reduce
head and neck cancer cell growth in vivo. J. Biol. Chem. 288:29562-29572. DOI:10.
1074/jbc.M113.498436

Schlimgen R. R., Peterson F. C., Heukers R, et al. (2024). Structural basis for
selectivity and antagonism in extracellular GPCR-nanobodies. Nat. Commun.
16:4611. DOI:10.1038/s41467-024-49000-x

Korbecki J., Kupnicka P., Chlubek M., et al. (2022). CXCR2 receptor: Regulation of
expression, signal transduction, and involvement in cancer. Int. J. Mol. Sci. 23.
DOI:10.3390/ijms23042168

Xie Y., Kuang W., Wang D, et al. (2023). Expanding role of CXCR2 and therapeutic
potential of CXCR2 antagonists in inflammatory diseases and cancers. Eur. J. Med.
Chem. 250:115175. DOI:10.1016/j.ejmech.2023.115175

Bradley M. E., Dombrecht B., Manini J., et al. (2015). Potent and efficacious inhibition
of CXCR2 signaling by biparatopic nanobodies combining two distinct modes of
action. Mol. Pharmacol. 87:251-262. DOI:10.1124/mol.114.094821

Salom D, Wu A, Liu C. C, et al. (2024). The impact of nanobodies on g
protein—coupled receptor structural biology and their potential as therapeutic
agents. Mol. Pharmacol. 106:155-163. DOI:10.1124/molpharm.124.000974

Paul P. and Ray Banerjee E. (2020). Eco-compatible single format nanobioantibody.
Ray Banerjee, E. (ed). Nanomaterials and Biomedicine (Springer), pp:113-125.
DOI:10.1007/978-981-15-5274-8_7

Qin H.-r, Cao Z, Lu F.-z, et al. (2024). Monovalent, bivalent and biparatopic
nanobodies targeting S1 protein of porcine epidemic diarrhea virus efficiently
neutralized the virus infectivity. BMC Vet. Res. 20:336. DOI:10.1186/s12917-024-
04151-3

Sanjanwala D. and Patravale V. (2023). Aptamers and nanobodies as alternatives to
antibodies for ligand-targeted drug delivery in cancer. Drug Discov. Today
28:103550. DOI:10.1016/j.drudis.2023.103550

Hey A, Baumann A, Kronenberg S, et al. (2021). Nonclinical development of
biologics: integrating safety, pharmacokinetics, and pharmacodynamics to create
smarter and more flexible nonclinical safety programs optimizing animal use. Int. J.
Toxicol. 40:270-284. DOI:10.1177/1091581821994288

Jawa V., Maamary J., Swanson M., et al. (2022). Implementing a clinical
immunogenicity strategy using preclinical risk assessment outputs. J. Pharm. Sci.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

111:960-969. DOI:10.1016/j.xphs.2022.01.032

Jia B, Gu X, Shen S,, et al. (2024). Engineered nanobodies elicit durable and robust
bi - therapeutic efficacy toward virus and tumors. Adv. Funct. Mater. 34:2407787.
DOI:10.1002/adfm.202407787

Heukers R, Fan T. S, de Wit R. H., et al. (2018). The constitutive activity of the virally
encoded chemokine receptor US28 accelerates glioblastoma growth. Oncogene
37:4110-4121. D0OI:10.1038/s41388-018-0255-7

Berg C. and Rosenkilde M. M. (2023). Therapeutic targeting of HCMV-encoded
chemokine receptor US28: Progress and challenges. Front. Immunol. 14:1135280.
DOI:10.3389/fimmu.2023.1135280

De Groof T. W. M., Mashayekhi V., Fan T. S, et al. (2019). Nanobody-targeted
photodynamic therapy selectively kills viral gpcr-expressing glioblastoma cells. Mol.
Pharm. 16:3145-3156. DOI:10.1021/acs.molpharmaceut.9b00360

De Groof T. W. M,, Elder E. G, Lim E. Y., et al. (2021). Targeting the latent human
cytomegalovirus reservoir for T-cell-mediated killing with virus-specific nanobodies.
Nat. Commun. 12:4436. DOI:10.1038/s41467-021-24608-5

Peyrassol X, Laeremans T., Gouwy M., et al. (2016). Development by genetic
immunization of monovalent antibodies (nanobodies) behaving as antagonists of
the human chemr23 receptor. J. Immunol. 196:2893-2901. DOI:10.4049/jimmunol.
1500888

Imaizumi T., Otsubo S., Komai M., et al. (2020). The design, synthesis and evaluation
of 2-aminobenzoxazole analogues as potent and orally efficacious ChemR23
inhibitors. Bioorg. Med. Chem. 28:115622. DOI:10.1016/j.bmc.2020.115622

Skiba M. A, Canavan C., Nemeth G. R, et al. (2025). Epitope-directed selection of
GPCR nanobody ligands with evolvable function. Proc. Natl. Acad. Sci. USA
122:2423931122. DOI:10.1073/pnas.2423931122

McMahon C., Staus D. P, Wingler L. M., et al. (2020). Synthetic nanobodies as
angiotensin receptor blockers. Proc. Natl. Acad. Sci. USA 117:20284-20291. DOI:10.
1073/pnas.2009029117

Singh K. D,, Jara Z. P., Harford T., et al. (2021). Novel allosteric ligands of the
angiotensin receptor ATTR as autoantibody blockers. Proc. Nat. Aca. Sci. USA
118:22019126118. DOI:10.1073/pnas.2019126118

Bocancia-Mateescu L.-A, Stan D., Mirica A-C., et al. (2023). Nanobodies as
diagnostic and  therapeutic tools for cardiovascular diseases (CVDs).
Pharmaceuticals. 16:863. DOI:10.3390/ph16060863

Zouein F. A, Altara R., Massoud G. P., et al. (2021). The angiotensin Il Type 1 (AT1)
receptor and cardiac hypertrophy: Did we have it wrong all along. J. Cardiovasc.
Pharm. 77:531-535. DOI:10.1097/FJC.0000000000000999

Zouein F. A, LaMarca B. B. and Booz G. W. (2023). Protective role of the AT1
receptor in the heart: A biosensor of stress. Dhalla, N.S., Bhullar, SK., Shah, AK.
(eds). In The Renin Angiotensin System in Cardiovascular Disease (Springer), pp:349-
362. DOI:10.1007/978-3-031-14952-8_21

Singh K. D. and Karnik S. S. (2024). Implications of B-Arrestin biased signaling by
angiotensin Il type 1 receptor for cardiovascular drug discovery and therapeutics.
Cell. Signal. 124:111410. DOI:10.1016/j.cellsig.2024.111410

Yu J, Kumar A, Zhang X, et al. (2024). Structural basis of p-opioid receptor
targeting by a nanobody antagonist. Nat. Commun. 16:8687. DOI:10.1038/s41467-
024-52947-6

Hong C., Byrne N. J., Zamlynny B, et al. (2021). Structures of active-state orexin
receptor 2 rationalize peptide and small-molecule agonist recognition and receptor
activation. Nat. Commun. 12:815. DOI:10.1038/s41467-021-21087-6

Ma Y., Ding Y., Song X, et al. (2020). Structure-guided discovery of a single-domain
antibody agonist against human apelin receptor. Sci. Adv. 6:eaax7379. DOI:10.1126/
sciadv.aax7379

Harford-Wright E., Andre-Gregoire G., Jacobs K. A, et al. (2017). Pharmacological
targeting of apelin impairs glioblastoma growth. Brain 140:2939-2954. DOI:10.1093
/brain/awx253

Zhou N., Fang J., Acheampong E., et al. (2003). Binding of ALX40-4C to APJ, a CNS-
based receptor, inhibits its utilization as a co-receptor by HIV-1. Virology
312:196-203. DOI:10.1016/s0042-6822(03)00185-5

Kuba K., Sato T., Imai V., et al. (2019). Apelin and Elabela/Toddler; double ligands for
APJ/Apelin receptor in heart development, physiology, and pathology. Peptides
111:62-70. DOI:10.1016/j.peptides.2018.04.011

Scholler P., Nevoltris D., de Bundel D., et al. (2017). Allosteric nanobodies uncover a
role of hippocampal mGlu2 receptor homodimers in contextual fear consolidation.
Nat. Commun. 8:1967. DOI:10.1038/s41467-017-01489-1

Peyrassol X, Laeremans T. Lahura V., et al. (2018). Development by genetic
immunization of monovalent antibodies against human vasoactive intestinal
peptide receptor 1 (VPACT), new innovative, and versatile tools to study VPACT
Receptor function. Front. Endocrinol. (Lausanne). 9:1563. DOI:10.3389/fendo.2018.
001563

Toyoda Y., Zhu A, Kong F,, et al. (2023). Structural basis of alpha(1A)-adrenergic
receptor activation and recognition by an extracellular nanobody. Nat. Commun.
14:3655. DOI:10.1038/541467-023-39310-x

Yeo G. S. H., Chao D. H. M., Siegert A. M, et al. (2021). The melanocortin pathway
and energy homeostasis: From discovery to obesity therapy. Mol. Metab.
48:101206. DOI:10.1016/j.molmet.2021.101206

Collet T. H., Dubern B., Mokrosinski J., et al. (2017). Evaluation of a melanocortin-4

The Innovation Life 4(2): 100176, April 20, 2026

www.the-innovation.org/the-innovation-life


https://doi.org/10.1016/j.mce.2019.01.021
https://doi.org/10.1038/s41392-024-01803-6
https://doi.org/10.1038/s41392-024-01803-6
https://doi.org/10.1038/s41392-024-01803-6
https://doi.org/10.1038/s41392-024-01803-6
https://doi.org/10.1038/s41392-024-01803-6
https://doi.org/10.1038/s41392-024-01803-6
https://doi.org/10.1038/s41392-024-01803-6
https://doi.org/10.1038/s41467-024-49068-5
https://doi.org/10.1038/s41467-024-49068-5
https://doi.org/10.1038/s41467-024-49068-5
https://doi.org/10.1038/s41467-024-49068-5
https://doi.org/10.1038/s41467-024-49068-5
https://doi.org/10.1038/s41467-024-49068-5
https://doi.org/10.1038/s41467-024-49068-5
https://doi.org/10.1016/j.ceb.2019.01.003
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s43556-023-00156-w
https://doi.org/10.1186/s43556-023-00156-w
https://doi.org/10.1186/s43556-023-00156-w
https://doi.org/10.1186/s43556-023-00156-w
https://doi.org/10.1186/s43556-023-00156-w
https://doi.org/10.1186/s43556-023-00156-w
https://doi.org/10.1186/s43556-023-00156-w
https://doi.org/10.3389/fendo.2022.1048601
https://doi.org/10.3389/fendo.2022.1048601
https://doi.org/10.3389/fendo.2023.1137604
https://doi.org/10.3389/fendo.2023.1137604
https://doi.org/10.1016/j.bcp.2018.10.015
https://doi.org/10.1089/AID.2022.0111
https://doi.org/10.1073/pnas.1012865107
https://doi.org/10.1073/pnas.1012865107
https://doi.org/10.1124/jpet.117.242735
https://doi.org/10.1016/j.bcp.2018.10.014
https://doi.org/10.1016/j.chembiol.2020.06.006
https://doi.org/10.1074/jbc.M113.498436
https://doi.org/10.1074/jbc.M113.498436
https://doi.org/10.1038/s41467-024-49000-x
https://doi.org/10.1038/s41467-024-49000-x
https://doi.org/10.1038/s41467-024-49000-x
https://doi.org/10.1038/s41467-024-49000-x
https://doi.org/10.1038/s41467-024-49000-x
https://doi.org/10.1038/s41467-024-49000-x
https://doi.org/10.1038/s41467-024-49000-x
https://doi.org/10.3390/ijms23042168
https://doi.org/10.1016/j.ejmech.2023.115175
https://doi.org/10.1124/mol.114.094821
https://doi.org/10.1124/molpharm.124.000974
https://doi.org/10.1007/978-981-15-5274-8_7
https://doi.org/10.1007/978-981-15-5274-8_7
https://doi.org/10.1007/978-981-15-5274-8_7
https://doi.org/10.1007/978-981-15-5274-8_7
https://doi.org/10.1007/978-981-15-5274-8_7
https://doi.org/10.1007/978-981-15-5274-8_7
https://doi.org/10.1007/978-981-15-5274-8_7
https://doi.org/10.1007/978-981-15-5274-8_7
https://doi.org/10.1007/978-981-15-5274-8_7
https://doi.org/10.1186/s12917-024-04151-3
https://doi.org/10.1186/s12917-024-04151-3
https://doi.org/10.1186/s12917-024-04151-3
https://doi.org/10.1186/s12917-024-04151-3
https://doi.org/10.1186/s12917-024-04151-3
https://doi.org/10.1186/s12917-024-04151-3
https://doi.org/10.1186/s12917-024-04151-3
https://doi.org/10.1016/j.drudis.2023.103550
https://doi.org/10.1177/1091581821994288
https://doi.org/10.1016/j.xphs.2022.01.032
https://doi.org/10.1002/adfm.202407787
https://doi.org/10.1038/s41388-018-0255-7
https://doi.org/10.1038/s41388-018-0255-7
https://doi.org/10.1038/s41388-018-0255-7
https://doi.org/10.1038/s41388-018-0255-7
https://doi.org/10.1038/s41388-018-0255-7
https://doi.org/10.1038/s41388-018-0255-7
https://doi.org/10.1038/s41388-018-0255-7
https://doi.org/10.3389/fimmu.2023.1135280
https://doi.org/10.1021/acs.molpharmaceut.9b00360
https://doi.org/10.1038/s41467-021-24608-5
https://doi.org/10.1038/s41467-021-24608-5
https://doi.org/10.1038/s41467-021-24608-5
https://doi.org/10.1038/s41467-021-24608-5
https://doi.org/10.1038/s41467-021-24608-5
https://doi.org/10.1038/s41467-021-24608-5
https://doi.org/10.1038/s41467-021-24608-5
https://doi.org/10.4049/jimmunol.1500888
https://doi.org/10.4049/jimmunol.1500888
https://doi.org/10.1016/j.bmc.2020.115622
https://doi.org/10.1073/pnas.2423931122
https://doi.org/10.1073/pnas.2009029117
https://doi.org/10.1073/pnas.2009029117
https://doi.org/10.1073/pnas.2019126118
https://doi.org/10.3390/ph16060863
https://doi.org/10.1097/FJC.0000000000000999
https://doi.org/10.1007/978-3-031-14952-8_21
https://doi.org/10.1007/978-3-031-14952-8_21
https://doi.org/10.1007/978-3-031-14952-8_21
https://doi.org/10.1007/978-3-031-14952-8_21
https://doi.org/10.1007/978-3-031-14952-8_21
https://doi.org/10.1007/978-3-031-14952-8_21
https://doi.org/10.1007/978-3-031-14952-8_21
https://doi.org/10.1007/978-3-031-14952-8_21
https://doi.org/10.1007/978-3-031-14952-8_21
https://doi.org/10.1016/j.cellsig.2024.111410
https://doi.org/10.1038/s41467-024-52947-6
https://doi.org/10.1038/s41467-024-52947-6
https://doi.org/10.1038/s41467-024-52947-6
https://doi.org/10.1038/s41467-024-52947-6
https://doi.org/10.1038/s41467-024-52947-6
https://doi.org/10.1038/s41467-024-52947-6
https://doi.org/10.1038/s41467-024-52947-6
https://doi.org/10.1038/s41467-021-21087-6
https://doi.org/10.1038/s41467-021-21087-6
https://doi.org/10.1038/s41467-021-21087-6
https://doi.org/10.1038/s41467-021-21087-6
https://doi.org/10.1038/s41467-021-21087-6
https://doi.org/10.1038/s41467-021-21087-6
https://doi.org/10.1038/s41467-021-21087-6
https://doi.org/10.1126/sciadv.aax7379
https://doi.org/10.1126/sciadv.aax7379
https://doi.org/10.1093/brain/awx253
https://doi.org/10.1093/brain/awx253
https://doi.org/10.1016/s0042-6822(03)00185-5
https://doi.org/10.1016/s0042-6822(03)00185-5
https://doi.org/10.1016/s0042-6822(03)00185-5
https://doi.org/10.1016/s0042-6822(03)00185-5
https://doi.org/10.1016/s0042-6822(03)00185-5
https://doi.org/10.1016/j.peptides.2018.04.011
https://doi.org/10.1038/s41467-017-01489-1
https://doi.org/10.1038/s41467-017-01489-1
https://doi.org/10.1038/s41467-017-01489-1
https://doi.org/10.1038/s41467-017-01489-1
https://doi.org/10.1038/s41467-017-01489-1
https://doi.org/10.1038/s41467-017-01489-1
https://doi.org/10.1038/s41467-017-01489-1
https://doi.org/10.3389/fendo.2018.00153
https://doi.org/10.3389/fendo.2018.00153
https://doi.org/10.1038/s41467-023-39310-x
https://doi.org/10.1038/s41467-023-39310-x
https://doi.org/10.1038/s41467-023-39310-x
https://doi.org/10.1038/s41467-023-39310-x
https://doi.org/10.1038/s41467-023-39310-x
https://doi.org/10.1038/s41467-023-39310-x
https://doi.org/10.1038/s41467-023-39310-x
https://doi.org/10.1016/j.molmet.2021.101206
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

74

5.

76.

.

78.

79.

80.

receptor (MC4R) agonist (Setmelanotide) in MC4R deficiency. Mol Metab.
6:1321-1329. DOI:10.1016/j.molmet.2017.06.015

Fontaine T., Busch A, Laeremans T, et al. (2024). Structure elucidation of a human
melanocortin-4 receptor specific orthosteric nanobody agonist. Nat. Commun.
15:7029. DOI:10.1038/541467-024-50827-7

Molinoff P. B., Shadiack A. M., Earle D., et al. (2003). PT-141: A melanocortin agonist
for the treatment of sexual dysfunction. Ann. N. Y. Acad. Sci. 994:96-102. DOI:10.
1111/).1749-6632.2003.tb03167.x

Kertmen H., Celikoglu E., Ozturk O. C. et al. (2018). Comparative effects of
methylprednisolone and tetracosactide (ACTH(1-24)) on ischemia/reperfusion injury
of the rabbit spinal cord. Arch. Med. Sci. 14:1459-1470. DOI:10.5114/aoms.2017.
65650

Liu D, Zhang H. G, Zhao Z. A, et al. (2015). Melanocortin MC4 receptor agonists
alleviate brain damage in abdominal compartment syndrome in the rat.
Neuropeptides 49:55-61. DOI:10.1016/j.npep.2014.12.003

Lansdell M. I, Hepworth D., Calabrese A., et al. (2010). Discovery of a selective small-
molecule melanocortin-4 receptor agonist with efficacy in a pilot study of sexual
dysfunction in humans. J. Med. Chem. 53:3183-3197. DOI:10.1021/jm9017866
Huang H. and Tao Y. X. (2014). A small molecule agonist THIQ as a novel
pharmacoperone for intracellularly retained melanocortin-4 receptor mutants. /nt. J.
Biol. Sci. 10:817-824. DOI:10.7150/ijbs.9625

Sebhat I. K, Martin W. J., Ye Z,, et al. (2002). Design and pharmacology of N-[(3R)-
1,2,3 4-tetrahydroisoquinolinium-  3-ylcarbonyl]-(1R)-1-(4-chlorobenzyl)-  2-[4-
cyclohexyl-4-(1H-1,2,4-triazol-  1-ylmethyl)piperidin-1-yl]-2-oxoethylamine (1), a
potent, selective, melanocortin subtype-4 receptor agonist. J. Med. Chem.
45:4589-4593. DOI:10.1021/jm025539h

Keifi Bajestani A, Alavi M. S., Etemad L., et al. (2024). Role of orphan G-protein
coupled receptors in tissue ischemia: A comprehensive review. Eur. J. Pharmacol.
978:176762. DOI:10.1016/j.ejphar.2024.176762

Jobe A. and Vijayan R. (2024). Orphan G protein-coupled receptors: the ongoing
search for a home. Front. Pharmacol. 15:1349097. DOI:10.3389/fphar.2024.
1349097

Manglik A, Kobilka B. K. and Steyaert J. (2017). Nanobodies to study G protein-
coupled receptor structure and function. Annu. Rev. Pharmacol. Toxicol. 57:19-37.
DOI:10.1146/annurev-pharmtox-010716-104710

Peterson S. M., Hutchings C. J., Hu C. F., et al. (2023). Discovery and design of G
protein-coupled receptor targeting antibodies. Expert. Opin. Drug Discov.
18:417-428. DOI:10.1080/17460441.2023.2193389

Glassman P. M., Walsh L. R, Villa C. H., et al. (2020). Molecularly engineered
nanobodies for tunable pharmacokinetics and drug delivery. Bioconjug. Chem.
31:1144-1155. DOI:10.1021/acs.bioconjchem.0c00003

Zhang Y., Yu W, Zhang L., et al. (2024). Application of engineered antibodies (scFvs
and nanobodies) targeting pathological protein aggregates in Alzheimer's disease.
Expert Opin. Investig. Drugs 33:1047-1062. DOI:10.1080/13543784.2024.2396911
Bolinger A. A, Frazier A, La J. H., et al. (2023). Orphan G protein-coupled receptor
gpr37 as an emerging therapeutic target. ACS Chem. Neurosci. 14:3318-3334.
DOI:10.1021/acschemneuro.3c00479

Brice N. L., Schiffer H. H., Monenschein H., et al. (2021). Development of CVN424: A
selective and novel gpr6 inverse agonist effective in models of Parkinson Disease. J.
Pharmacol. Exp. Ther. 377:407-416. DOI:10.1124/jpet.120.000438

Murtaza B., Asghar F. and Patoli D. (2022). GPR75: An exciting new target in
metabolic syndrome and related disorders. Biochimie. 195:19-26. DOI:10.1016/j.
biochi.2022.01.005

Begemann M., Waszak S. M., Robinson G. W,, et al. (2020). Germline GPR161
mutations predispose to pediatric medulloblastoma. J. Clin. Oncol. 38:43-50. DOI:10.
1200/JC0.19.00577

Zhao M., Wang Z,, Yang M., et al. (2021). The roles of orphan G protein-coupled
receptors in autoimmune diseases. Clin. Rev. Allergy. Immunol. 60:220-243. DOI:10.
1007/s12016-020-08829-y

Katugampola S. and Davenport A. (2003). Emerging roles for orphan G-protein-
coupled receptors in the cardiovascular system. Trends Pharmacol. Sci. 24:30-35.
DOI:10.1016/s0165-6147(02)00007-x

Marucci G., Dal Ben D., Lambertucci C,, et al. (2019). GPR17 receptor modulators
and their therapeutic implications: Review of recent patents. Expert Opin. Ther. Pat.
29:85-95. DOI:10.1080/13543776.2019.1568990

lida K., Abdelhamid Ahmed A. H., Nagatsuma A. K, et al. (2021). Identification and
therapeutic targeting of GPR20, selectively expressed in gastrointestinal stromal
tumors, with ds-6157a, a first-in-class antibody-drug conjugate. Cancer Discov.
11:1508-1523. DOI:10.1158/2159-8290.CD-20-1434

Khan M. Z. and He L. (2017). Neuro-psychopharmacological perspective of orphan
receptors of rhodopsin (class A) family of G protein-coupled receptors.
Psychopharmacology (Berl,) 234:1181-1207. DOI:10.1007/s00213-017-4586-9
Wang H., Du D., Huang J., et al. (2022). GPR27 regulates hepatocellular carcinoma
progression via MAPK/ERK pathway. Cancer Manag. Res. 141165-1177. DOI:10.
2147/CMAR.S335749

Pan J. and Gao VY. (2023). Prognostic significance and immune characteristics of
GPR27 in gastric cancer. Aging (Albany NY) 15:9144-9166. DOI:10.18632/aging.
205023

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Thompson M. D., Percy M. E., Cole D. E. C., et al. (2024). G protein-coupled receptor
(GPCR) gene variants and human genetic disease. Crit. Rev. Clin. Lab. Sci.
61:317-346. DOI:10.1080/10408363.2023.2286606

Doboszewska U., Maret W. and Wlaz P. (2024). GPR39: An orphan receptor begging
for ligands. Drug Discov. Today 29:103861. DOI:10.1016/j.drudis.2023.103861

Cui J, Ding Y., Chen S, et al. (2016). Disruption of Gpr45 causes reduced
hypothalamic POMC expression and obesity. J. Clin. Invest. 126:3192-3206. DOI:10.
1172/JCI85676

Ali S, Wang P., Murphy R. E, et al. (2024). Orphan GPR52 as an emerging
neurotherapeutic target. Drug Discov. Today 29:103922. DOI:10.1016/j.drudis.2024.
103922

Lees J. A, Dias J. M., Rajamohan F.,, et al. (2023). An inverse agonist of orphan
receptor GPR61 acts by a G protein-competitive allosteric mechanism. Nat.
Commun. 14:5938. DOI:10.1038/s41467-023-41646-3

LuY., Xie Y., Li M, et al. (2023). A novel ADGRG2 truncating variant associated with
X-linked obstructive azoospermia in a large Chinese pedigree. J. Assist. Reprod.
Genet. 40:1747-1754. DOI:10.1007/s10815-023-02839-3

Hossain S., Gilani A, Pascale J., et al. (2023). Gpr75-deficient mice are protected
from high-fat diet-induced obesity. Obesity (Silver Spring). 31:1024-1037. DOI:10.
1002/0by.23692

Wang S. W,, Zhang Q., Lu D., et al. (2023). GPR84 regulates pulmonary inflammation
by modulating neutrophil functions. Acta Pharmacol. Sin. 44:1665-1675. DOI:10.
1038/s41401-023-01080-z

Zhang Q. Chen L. H,, Yang H. et al. (2022). GPR84 signaling promotes intestinal
mucosal inflammation via enhancing NLRP3 inflammasome activation in
macrophages. Acta Pharmacol. Sin. 43:2042-2054. DOI:10.1038/s41401-021-
00825-y

Sakai A, Yasui T, Watanave M, et al. (2022). Development of novel potent ligands
for GPR85, an orphan G protein-coupled receptor expressed in the brain. Genes
Cells 27:345-355. DOI:10.1111/gtc.12931

Abboud D., Abboud C., Inoue A, et al. (2024). Basal interaction of the orphan
receptor GPR101 with arrestins leads to constitutive internalization. Biochem.
Pharmacol. 220:116013. DOI:10.1016/j.bcp.2023.116013

Bobeck E. N., Gomes |, Pena D,, et al. (2017). The BigLEN-GPR171 peptide receptor
system within the basolateral amygdala regulates anxiety-like behavior and
contextual fear conditioning. Neuropsychopharmacology 42:2527-2536. DOI:10.
1038/npp.2017.79

Zhang R. and Chen J. (2023). Research progress on the role of orphan receptor
GPR139 in neuropsychiatric behaviours. Eur. J. Pharmacol/ 960:176150. DOI:10.
1016/j.ejphar.2023.176150

Sawabe A, Okazaki S., Nakamura A, et al. (2024). The orphan G protein-coupled
receptor 141 expressed in myeloid cells functions as an inflammation suppressor. J.
Leukoc. Biol. 115:935-945. DOI:10.1093/jleuko/qiae009

Nishimura Y., Martin C. L., Vazquez-Lopez A, et al. (2007). Genome-wide expression
profiling of lymphoblastoid cell lines distinguishes different forms of autism and
reveals shared pathways. Hum. Mol. Genet. 16:1682-1698. DOI:10.1093/hmg/
ddm116

Abbas A, Jun P, Yuan J. Y, et al. (2022). Downregulation of GPR160 inhibits the
progression of glioma through suppressing epithelial to mesenchymal transition
(EMT) biomarkers. Basic Clin. Pharmacol. Toxicol. 131:241-250. DOI:10.1111/bept.
13769

De Smet V., Gurbuz E., Eysackers N., et al. (2024). Orphan receptor GPR176 in
hepatic stellate cells exerts a profibrotic role in chronic liver disease. JHEP Rep.
6:101036. DOI:10.1016/j.jhepr.2024.101036

Tang J., Peng W, Ji J., et al. (2023). GPR176 promotes cancer progression by
interacting with g protein gnas to restrain cell mitophagy in colorectal cancer. Adv.
Sci. (Weinh). 10:22205627. DOI:10.1002/advs.202205627

Torphy R. J,, Sun Y., Lin R, et al. (2022). GPR182 limits antitumor immunity via
chemokine scavenging in mouse melanoma models. Nat. Commun. 13:97. DOI:10.
1038/s41467-021-27658-x

Misselwitz B., Wyss A, Raselli T., et al. (2021). The oxysterol receptor GPR183 in
inflammatory bowel diseases. Br. J. Pharmacol. 178:3140-3156. DOI:10.1111/bph.
15311

Tural S, Kara N, Alayli G, et al. (2013). Association between osteoporosis and
polymorphisms of the bone Gla protein, estrogen receptor 1, collagen 1-A1 and
calcitonin receptor genes in Turkish postmenopausal women. Gene 515:167-172.
DOI:10.1016/j.gene.2012.10.041

Pavon-Romero G. F. Serrano-Perez N. H. Garcia-Sanchez L., et al. (2021).
Neuroimmune pathophysiology in asthma. Front. Cell Dev. Biol. 9:663535. DOI:10.
3389/fcell.2021.663535

Gong B, Zhang H., Huang L., et al. (2019). Mutant RAMP2 causes primary open-
angle glaucoma via the CRLR-CAMP axis. Genet. Med. 21:2345-2354. DOI:10.1038/
$41436-019-0507-0

Sun J,, Qiu L., Zhang H. et al. (2023). CRHR1 antagonist alleviates LPS-induced
depression-like behaviour in mice. BMC Psychiatry 23:17. DOI:10.1186/s12888-023-
04519-z

De la Cruz-Cano E. (2017). Association between FKBP5 and CRHR1 genes with
suicidal behavior: A systematic review. Behav. Brain Res. 317:46-61. DOI:10.1016/j.

917 uolAOUU| 8Y |

[I nnouToN

The Innovation Life 4(2): 100176, April 20, 2026 15



https://doi.org/10.1016/j.molmet.2017.06.015
https://doi.org/10.1038/s41467-024-50827-7
https://doi.org/10.1038/s41467-024-50827-7
https://doi.org/10.1038/s41467-024-50827-7
https://doi.org/10.1038/s41467-024-50827-7
https://doi.org/10.1038/s41467-024-50827-7
https://doi.org/10.1038/s41467-024-50827-7
https://doi.org/10.1038/s41467-024-50827-7
https://doi.org/10.1111/j.1749-6632.2003.tb03167.x
https://doi.org/10.1111/j.1749-6632.2003.tb03167.x
https://doi.org/10.1111/j.1749-6632.2003.tb03167.x
https://doi.org/10.1111/j.1749-6632.2003.tb03167.x
https://doi.org/10.5114/aoms.2017.65650
https://doi.org/10.5114/aoms.2017.65650
https://doi.org/10.1016/j.npep.2014.12.003
https://doi.org/10.1021/jm9017866
https://doi.org/10.7150/ijbs.9625
https://doi.org/10.1021/jm025539h
https://doi.org/10.1016/j.ejphar.2024.176762
https://doi.org/10.3389/fphar.2024.1349097
https://doi.org/10.3389/fphar.2024.1349097
https://doi.org/10.1146/annurev-pharmtox-010716-104710
https://doi.org/10.1146/annurev-pharmtox-010716-104710
https://doi.org/10.1146/annurev-pharmtox-010716-104710
https://doi.org/10.1146/annurev-pharmtox-010716-104710
https://doi.org/10.1146/annurev-pharmtox-010716-104710
https://doi.org/10.1146/annurev-pharmtox-010716-104710
https://doi.org/10.1146/annurev-pharmtox-010716-104710
https://doi.org/10.1080/17460441.2023.2193389
https://doi.org/10.1021/acs.bioconjchem.0c00003
https://doi.org/10.1080/13543784.2024.2396911
https://doi.org/10.1021/acschemneuro.3c00479
https://doi.org/10.1124/jpet.120.000438
https://doi.org/10.1016/j.biochi.2022.01.005
https://doi.org/10.1016/j.biochi.2022.01.005
https://doi.org/10.1200/JCO.19.00577
https://doi.org/10.1200/JCO.19.00577
https://doi.org/10.1007/s12016-020-08829-y
https://doi.org/10.1007/s12016-020-08829-y
https://doi.org/10.1007/s12016-020-08829-y
https://doi.org/10.1007/s12016-020-08829-y
https://doi.org/10.1007/s12016-020-08829-y
https://doi.org/10.1007/s12016-020-08829-y
https://doi.org/10.1007/s12016-020-08829-y
https://doi.org/10.1007/s12016-020-08829-y
https://doi.org/10.1016/s0165-6147(02)00007-x
https://doi.org/10.1016/s0165-6147(02)00007-x
https://doi.org/10.1016/s0165-6147(02)00007-x
https://doi.org/10.1016/s0165-6147(02)00007-x
https://doi.org/10.1016/s0165-6147(02)00007-x
https://doi.org/10.1080/13543776.2019.1568990
https://doi.org/10.1158/2159-8290.CD-20-1434
https://doi.org/10.1158/2159-8290.CD-20-1434
https://doi.org/10.1158/2159-8290.CD-20-1434
https://doi.org/10.1158/2159-8290.CD-20-1434
https://doi.org/10.1158/2159-8290.CD-20-1434
https://doi.org/10.1158/2159-8290.CD-20-1434
https://doi.org/10.1158/2159-8290.CD-20-1434
https://doi.org/10.1007/s00213-017-4586-9
https://doi.org/10.1007/s00213-017-4586-9
https://doi.org/10.1007/s00213-017-4586-9
https://doi.org/10.1007/s00213-017-4586-9
https://doi.org/10.1007/s00213-017-4586-9
https://doi.org/10.1007/s00213-017-4586-9
https://doi.org/10.1007/s00213-017-4586-9
https://doi.org/10.2147/CMAR.S335749
https://doi.org/10.2147/CMAR.S335749
https://doi.org/10.18632/aging.205023
https://doi.org/10.18632/aging.205023
https://doi.org/10.1080/10408363.2023.2286606
https://doi.org/10.1016/j.drudis.2023.103861
https://doi.org/10.1172/JCI85676
https://doi.org/10.1172/JCI85676
https://doi.org/10.1016/j.drudis.2024.103922
https://doi.org/10.1016/j.drudis.2024.103922
https://doi.org/10.1038/s41467-023-41646-3
https://doi.org/10.1038/s41467-023-41646-3
https://doi.org/10.1038/s41467-023-41646-3
https://doi.org/10.1038/s41467-023-41646-3
https://doi.org/10.1038/s41467-023-41646-3
https://doi.org/10.1038/s41467-023-41646-3
https://doi.org/10.1038/s41467-023-41646-3
https://doi.org/10.1007/s10815-023-02839-3
https://doi.org/10.1007/s10815-023-02839-3
https://doi.org/10.1007/s10815-023-02839-3
https://doi.org/10.1007/s10815-023-02839-3
https://doi.org/10.1007/s10815-023-02839-3
https://doi.org/10.1007/s10815-023-02839-3
https://doi.org/10.1007/s10815-023-02839-3
https://doi.org/10.1002/oby.23692
https://doi.org/10.1002/oby.23692
https://doi.org/10.1038/s41401-023-01080-z
https://doi.org/10.1038/s41401-023-01080-z
https://doi.org/10.1038/s41401-023-01080-z
https://doi.org/10.1038/s41401-023-01080-z
https://doi.org/10.1038/s41401-023-01080-z
https://doi.org/10.1038/s41401-023-01080-z
https://doi.org/10.1038/s41401-023-01080-z
https://doi.org/10.1038/s41401-023-01080-z
https://doi.org/10.1038/s41401-021-00825-y
https://doi.org/10.1038/s41401-021-00825-y
https://doi.org/10.1038/s41401-021-00825-y
https://doi.org/10.1038/s41401-021-00825-y
https://doi.org/10.1038/s41401-021-00825-y
https://doi.org/10.1038/s41401-021-00825-y
https://doi.org/10.1038/s41401-021-00825-y
https://doi.org/10.1111/gtc.12931
https://doi.org/10.1016/j.bcp.2023.116013
https://doi.org/10.1038/npp.2017.79
https://doi.org/10.1038/npp.2017.79
https://doi.org/10.1016/j.ejphar.2023.176150
https://doi.org/10.1016/j.ejphar.2023.176150
https://doi.org/10.1093/jleuko/qiae009
https://doi.org/10.1093/hmg/ddm116
https://doi.org/10.1093/hmg/ddm116
https://doi.org/10.1111/bcpt.13769
https://doi.org/10.1111/bcpt.13769
https://doi.org/10.1016/j.jhepr.2024.101036
https://doi.org/10.1002/advs.202205627
https://doi.org/10.1038/s41467-021-27658-x
https://doi.org/10.1038/s41467-021-27658-x
https://doi.org/10.1038/s41467-021-27658-x
https://doi.org/10.1038/s41467-021-27658-x
https://doi.org/10.1038/s41467-021-27658-x
https://doi.org/10.1038/s41467-021-27658-x
https://doi.org/10.1038/s41467-021-27658-x
https://doi.org/10.1038/s41467-021-27658-x
https://doi.org/10.1111/bph.15311
https://doi.org/10.1111/bph.15311
https://doi.org/10.1016/j.gene.2012.10.041
https://doi.org/10.3389/fcell.2021.663535
https://doi.org/10.3389/fcell.2021.663535
https://doi.org/10.1038/s41436-019-0507-0
https://doi.org/10.1038/s41436-019-0507-0
https://doi.org/10.1038/s41436-019-0507-0
https://doi.org/10.1038/s41436-019-0507-0
https://doi.org/10.1038/s41436-019-0507-0
https://doi.org/10.1038/s41436-019-0507-0
https://doi.org/10.1038/s41436-019-0507-0
https://doi.org/10.1038/s41436-019-0507-0
https://doi.org/10.1186/s12888-023-04519-z
https://doi.org/10.1186/s12888-023-04519-z
https://doi.org/10.1186/s12888-023-04519-z
https://doi.org/10.1186/s12888-023-04519-z
https://doi.org/10.1186/s12888-023-04519-z
https://doi.org/10.1186/s12888-023-04519-z
https://doi.org/10.1186/s12888-023-04519-z
https://doi.org/10.1016/j.bbr.2016.09.032

www.the-innovation.org/the-innovation-life

aevicw

106.

107.

108.

109.

12

113.

114.

115.

116.

.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

bbr.2016.09.032

Gilliam-Vigh H., Jorsal T., Nielsen S. W., et al. (2023). Expression of secretin and its
receptor along the intestinal tract in type 2 diabetes patients and healthy controls. J.
Clin. Endocrinol. Metab. 108:21597-e1602. DOI:10.1210/clinem/dgad372
Ordaz-Ramos A., Rosales-Gallegos V. H., Melendez-Zajgla J., et al. (2021). The role
of LGR4 (GPR48) in normal and cancer processes. Int. J. Mol. Sci. 22:4690. DOI:10.
3390/ijms22094690

Zheng H., Liu J., Cheng Q. et al. (2024). Targeted activation of ferroptosis in
colorectal cancer via LGR4 targeting overcomes acquired drug resistance. Nat.
Cancer5:572-589. DOI:10.1038/s43018-023-00715-8

Xu L., Lin W, Wen L., et al. (2019). Lgr5 in cancer biology: Functional identification of
Lgr5 in cancer progression and potential opportunities for novel therapy. Stem Cell
Res. Ther.10:219. DOI:10.1186/s13287-019-1288-8

Fumagalli A, Oost K. C., Kester L., et al. (2020). Plasticity of Lgr5-negative cancer
cells drives metastasis in colorectal cancer. Cell Stem Cell 26:569-578 €567. DOI:10.
1016/j.stem.2020.02.008.

. Novikoff A. and Muller T. D. (2023). The molecular pharmacology of glucagon

agonists in diabetes and obesity. Peptides 165:171003. DOI:10.1016/j.peptides.2023.
171003

Bailey C. J.,, Flatt P. R. and Conlon J. M. (2023). An update on peptide-based
therapies for type 2 diabetes and obesity. Peptides 161:170939. DOI:10.1016/j.
peptides.2023.170939

Palsson T. G, Gilliam-Vigh H., Jensen B. A. H,, et al. (2024). Targeting the GLP-2
receptor in the management of obesity. Peptides 177:171210. DO10.1016/j.
peptides.2024.171210

Towler D. A. (2024). Parathyroid hormone-PTHTR signaling in cardiovascular
disease and homeostasis. Trends Endocrinol. Metab. 35:648-660. DOI:10.1016/j.
tem.2024.02.005

Martin T. J. (2021). PTHIR actions on bone using the cAMP/protein kinase a
pathway. Front. Endocrinol. (Lausanne) 12:833221. DOI:10.3389/fendo.2021.833221
Fu Y, Liu S, Rodrigues R. M, et al. (2022). Activation of VIPR1 suppresses
hepatocellular carcinoma progression by regulating arginine and pyrimidine
metabolism. Int. J. Biol. Sci. 18:4341-4356. DOI:10.7150/ijbs. 71134

Yukawa T., Oshitani N., Yamagami H., et al. (2007). Differential expression of
vasoactive intestinal peptide receptor 1 expression in inflammatory bowel disease.
Int. J. Mol. Med. 20:161-167. DOI:10.3892/ijmm.20.2.161

Zhao F., Li Q, Chen W.,, et al. (2022). Dysfunction of VIPR2 leads to myopia in
humans and mice. J. Med. Genet. 59:88-100. DOI:10.1136/jmedgenet-2020-
107220

Xia J., Gao H. Tang J., et al. (2024). A novel diagnostic model based on IncRNA
PTPRE expression, neutrophil count and red blood cell distribution width for
diagnosis of seronegative rheumatoid arthritis. Clin. Exp. Med. 24:86. DOI:10.1007/
$10238-024-01343-x

Ganesh R. A, Venkataraman K. and Sirdeshmukh R. (2020). GPR56: An adhesion
GPCR involved in brain development, neurological disorders and cancer. Brain Res.
1747:147055. DO:10.1016/j.brainres.2020.147055

Nam H. J., Kim Y. J.,, Kang J. H., et al. (2022). GPR110 promotes progression and
metastasis of triple-negative breast cancer. Cell Death Discov. 8:271. DOI:10.1038/
$41420-022-01053-x

Ma B., Zhu J., Su J,, et al. (2020). The role of GPR110 in lung cancer progression.
Ann. Transl. Med. 8:745. DOI:10.21037/atm-20-3146

Hidaka S., Mouri Y., Akiyama M., et al. (2022). GPR110, a receptor for synaptamide,
expressed in osteoclasts negatively regulates osteoclastogenesis. PLEFA.
182:102457. DO:10.1016/j.plefa.2022.102457

Bayin N. S, Frenster J. D., Kane J. R., et al. (2016). GPR133 (ADGRD1), an adhesion
G-protein-coupled receptor, is necessary for glioblastoma growth. Oncogenesis
5:263. DOI:10.1038/0ncsis.2016.63

Chen X, Yuan Y., Chen Y., et al. (2022). Biased activation mechanism induced by
gper heterodimerization: Observations from muOR/deltaOR dimers. J. Chem. Inf.
Model. 62:5581-5600. DOI:10.1021/acs.jcim.2c00962

LiY., Wang X, Lu L., et al. (2021). Identification of novel GPCR partners of the central
melanocortin signaling. Mol. Metab. 53:101317. DOI:10.1016/j.molmet.2021.101317
Maggio R., Fasciani I, Carli M., et al. (2021). Integration and spatial organization of
signaling by G protein-coupled receptor homo- and heterodimers. Biomolecules.
11:1828. DOI:10.3390/biom11121828

Liu L., Fan Z, Rovira X, et al. (2021). Allosteric ligands control the activation of a
class C GPCR heterodimer by acting at the transmembrane interface. Elife
10:e70188. DOI:10.7554/¢Life.70188

Ma J, Mo Y., Tang M, et al. (2021). Bispecific antibodies: From research to clinical
application. Front. Immunol. 12:626616. DOI:10.3389/fimmu.2021.626616

Bakshi A. K., Haider T., Tiwari R., et al. (2022). Critical parameters for design and
development of multivalent nanoconstructs: recent trends. Drug Deliv. Transl. Res.
12:2335-2358. DOI:10.1007/513346-021-01103-4

Wang M., Wang X., Jiang B, et al. (2022). Identification of MRAP protein family as
broad-spectrum GPCR modulators. Clin. Transl. Med. 12:€1091. DOI:10.1002/ctm2.
1091

Nicoli A., Dunkel A., Giorgino T, et al. (2022). Classification model for the second
extracellular loop of class A GPCRs. J. Chem. Inf. Model. 62:511-522. DOI:10.1021/

133.

134.

135.

136.

137.

138.

139.

140.

147,

142.

143.

144,

145,

146.

147.

148.

149.

150.

151,

152.

153.

154.

acs.jcim.1c01056

Zhang L., Mobbs J. I, May L. T., et al. (2023). The impact of cryo-EM on determining
allosteric modulator-bound structures of G protein-coupled receptors. Curr. Opin.
Struct. Biol. 79:102560. DOI:10.1016/}.sbi.2023.102560

Zhang S., Fan Z. and Liu J. (2024). Generation and characterization of nanobodies
targeting GPCR. Biophys. Rep. 10:22-30. DOI:10.52601/bpr.2023.230026

Moore M. N., Person K. L, Robleto V. L, et al. (2025). Designing allosteric
modulators to change GPCR G protein subtype selectivity. Nature 648:229-238.
DOI:10.1038/s41586-025-09643-2

Cheloha R. W, Fischer F. A, Woodham A. W., et al. (2020). Improved GPCR ligands
from nanobody tethering. Nat. Commun. 11:2087. DOI:10.1038/s41467-020-15884-8
Ullman J. C., Arguello A, Getz J. A, et al. (2020). Brain delivery and activity of a
lysosomal enzyme using a blood-brain barrier transport vehicle in mice. Sci. Transl.
Med. 12:eaay1163. DOI:10.1126/scitranslmed.aay1163

Kariolis M. S, Wells R. C., Getz J. A, et al. (2020). Brain delivery of therapeutic
proteins using an Fc fragment blood-brain barrier transport vehicle in mice and
monkeys. Sci. Transl. Med. 12:eaay1359. DOI:10.1126/scitransimed.aay1359
Wouters Y., Jaspers T., De Strooper B, et al. (2020). Identification and in vivo
characterization of a brain-penetrating nanobody. Fluids. Barriers CNS. 17:62.
DOI:10.1186/s12987-020-00226-z

Wang J., Kang G., Yuan H., et al. (2021). Research progress and applications of
multivalent, multispecific and modified nanobodies for disease treatment. Front.
Immunol. 12:838082. DOI:10.3389/fimmu.2021.838082

Kang J. J., Ohoka A. and Sarkar C. A. (2023). Designing multivalent and multispecific
biologics. Annu. Rev. Chem. Biomol. Eng. 15:293-314. DOI:10.1146/annurev-
chembioeng-100722-112440

Bathula N. V., Bommadevara H. and Hayes J. M. (2021). Nanobodies: The future of
antibody-based immune therapeutics. Cancer Biother. Radiopharm. 36:109-122.
DOI:10.1089/cbr.2020.3941

Anbuhl S. M., Dervillez X, Neubacher S, et al. (2024). Multivalent CXCR4-targeting
nanobody formats differently affect affinity, receptor clustering, and antagonism.
Biochem. Pharmacol. 227:116457. DOI:10.1016/j.bcp.2024.116457

Slosky L. M., Caron M. G. and Barak L. S. (2021). Biased allosteric modulators: New
frontiers in gpcr drug discovery. Trends Pharmacol. Sci. 42:283-299. DOI:10.1016/j.
1ips.2020.12.005

Sachdev S., Creemer B. A, Gardella T. J,, et al. (2024). Nanobody tethering enables
highly biased agonism for gpcr ligands. J. Pharmacol. Exp. Ther. 389:545. DOI:10.
1124/jpet 545923410

Kalogriopoulos N. A, Tei R., Yan V., et al. (2025). Synthetic GPCRs for programmable
sensing and control of cell behaviour. Nature 637:230-239. DOI:10.1038/s41586-
024-08282-3

Reddy D. J., Guntuku G. and Palla M. S. (2024). Advancements in nanobody
generation: Integrating conventional, in silico, and machine learning approaches.
Biotechnol. Bioeng. 121:3375-3388. DOI:10.1002/bit.28816

Valdes-Tresanco M. S, Valdes-Tresanco M. E., Jimenez-Gutierrez D. E., et al. (2023).
Structural modeling of nanobodies: A benchmark of state-of-the-art artificial
intelligence programs. Molecules. 28. DOI:10.3390/molecules28103991

Ozden B, Kryshtafovych A. and Karaca E. (2023). The impact of Al-based modeling
on the accuracy of protein assembly prediction: Insights from CASP15. Proteins
91:1636-1657. DOI:10.1002/prot.26598

Arras P., Yoo H. B, Pekar L, et al. (2023). Al/ML combined with next-generation
sequencing of VHH immune repertoires enables the rapid identification of de novo
humanized and sequence-optimized single domain antibodies: A prospective case
study. Front. Mol. Biosci. 10:1249247. DOI:10.3389/fmolb.2023.1249247

Liang T., Sun Z. Y., Hines M. G,, et al. (2024). Al-based IsAb2.0 for antibody design.
Brief Bioinform. 25. DOI:10.1093/bib/bbae445

Nabla Bio B. S. (2025). De novo design of hundreds of functional GPCR-targeting
antibodies enabled by scaling test-time compute. bioRxiv. DOI:10.1101/2025.05.28.
656709

Jeong J., Park J., Young Mo G, et al. (2024). Structural basis for the recognition of
GPRC5D by talquetamab, a bispecific antibody for multiple myeloma. J. Mol. Biol.
436:168748. DOI:10.1016/jjmb.2024.168748

Lin X, Jiang S, Wu V., et al. (2023). The activation mechanism and antibody binding
mode for orphan GPR20. Cell Discov. 9:23. DOI:10.1038/s41421-023-00520-8

FUNDING AND ACKNOWLEDGMENTS

This work was supported by the National Science and Technology Major Project (grant
NO. 2023ZD0506800), National Key Research and Development Program (grant NO.
2023YFC3604500), National Natural Science Foundation of China (grant NO. 32271165,
32571303,82172545, 82230084), National Clinical Key Specialty Construction Project of
China (grant NO. Z155080000004), Shanghai Research Center of Rehabilitation Medicine
(Top Priority Research Center of Shanghai) (grant NO. 20232Z02027), Shanghai Clinical
Research Ward (grant NO. SHDC2023CRWO018B), Shanghai Hospital Development
Center Foundation—Shanghai Municipal Hospital Rehabilitation Medicine Specialty
Alliance (grant NO. SHDC22023304) and Shanghai Disabled Persons' Federation Key
Laboratory of Intelligent Rehabilitation Assistive Appliance and Technology, Hebei

16

The Innovation Life 4(2): 100176, April 20, 2026

www.the-innovation.org/the-innovation-life


https://doi.org/10.1016/j.bbr.2016.09.032
https://doi.org/10.1210/clinem/dgad372
https://doi.org/10.3390/ijms22094690
https://doi.org/10.3390/ijms22094690
https://doi.org/10.1038/s43018-023-00715-8
https://doi.org/10.1038/s43018-023-00715-8
https://doi.org/10.1038/s43018-023-00715-8
https://doi.org/10.1038/s43018-023-00715-8
https://doi.org/10.1038/s43018-023-00715-8
https://doi.org/10.1038/s43018-023-00715-8
https://doi.org/10.1038/s43018-023-00715-8
https://doi.org/10.1186/s13287-019-1288-8
https://doi.org/10.1186/s13287-019-1288-8
https://doi.org/10.1186/s13287-019-1288-8
https://doi.org/10.1186/s13287-019-1288-8
https://doi.org/10.1186/s13287-019-1288-8
https://doi.org/10.1186/s13287-019-1288-8
https://doi.org/10.1186/s13287-019-1288-8
https://doi.org/10.1016/j.stem.2020.02.008
https://doi.org/10.1016/j.stem.2020.02.008
https://doi.org/10.1016/j.peptides.2023.171003
https://doi.org/10.1016/j.peptides.2023.171003
https://doi.org/10.1016/j.peptides.2023.170939
https://doi.org/10.1016/j.peptides.2023.170939
https://doi.org/10.1016/j.peptides.2024.171210
https://doi.org/10.1016/j.peptides.2024.171210
https://doi.org/10.1016/j.tem.2024.02.005
https://doi.org/10.1016/j.tem.2024.02.005
https://doi.org/10.3389/fendo.2021.833221
https://doi.org/10.7150/ijbs.71134
https://doi.org/10.3892/ijmm.20.2.161
https://doi.org/10.1136/jmedgenet-2020-107220
https://doi.org/10.1136/jmedgenet-2020-107220
https://doi.org/10.1136/jmedgenet-2020-107220
https://doi.org/10.1136/jmedgenet-2020-107220
https://doi.org/10.1136/jmedgenet-2020-107220
https://doi.org/10.1007/s10238-024-01343-x
https://doi.org/10.1007/s10238-024-01343-x
https://doi.org/10.1007/s10238-024-01343-x
https://doi.org/10.1007/s10238-024-01343-x
https://doi.org/10.1007/s10238-024-01343-x
https://doi.org/10.1007/s10238-024-01343-x
https://doi.org/10.1007/s10238-024-01343-x
https://doi.org/10.1007/s10238-024-01343-x
https://doi.org/10.1016/j.brainres.2020.147055
https://doi.org/10.1038/s41420-022-01053-x
https://doi.org/10.1038/s41420-022-01053-x
https://doi.org/10.1038/s41420-022-01053-x
https://doi.org/10.1038/s41420-022-01053-x
https://doi.org/10.1038/s41420-022-01053-x
https://doi.org/10.1038/s41420-022-01053-x
https://doi.org/10.1038/s41420-022-01053-x
https://doi.org/10.1038/s41420-022-01053-x
https://doi.org/10.21037/atm-20-3146
https://doi.org/10.21037/atm-20-3146
https://doi.org/10.21037/atm-20-3146
https://doi.org/10.21037/atm-20-3146
https://doi.org/10.21037/atm-20-3146
https://doi.org/10.1016/j.plefa.2022.102457
https://doi.org/10.1038/oncsis.2016.63
https://doi.org/10.1021/acs.jcim.2c00962
https://doi.org/10.1016/j.molmet.2021.101317
https://doi.org/10.3390/biom11121828
https://doi.org/10.7554/eLife.70188
https://doi.org/10.3389/fimmu.2021.626616
https://doi.org/10.1007/s13346-021-01103-4
https://doi.org/10.1007/s13346-021-01103-4
https://doi.org/10.1007/s13346-021-01103-4
https://doi.org/10.1007/s13346-021-01103-4
https://doi.org/10.1007/s13346-021-01103-4
https://doi.org/10.1007/s13346-021-01103-4
https://doi.org/10.1007/s13346-021-01103-4
https://doi.org/10.1002/ctm2.1091
https://doi.org/10.1002/ctm2.1091
https://doi.org/10.1021/acs.jcim.1c01056
https://doi.org/10.1021/acs.jcim.1c01056
https://doi.org/10.1016/j.sbi.2023.102560
https://doi.org/10.52601/bpr.2023.230026
https://doi.org/10.1038/s41586-025-09643-2
https://doi.org/10.1038/s41586-025-09643-2
https://doi.org/10.1038/s41586-025-09643-2
https://doi.org/10.1038/s41586-025-09643-2
https://doi.org/10.1038/s41586-025-09643-2
https://doi.org/10.1038/s41586-025-09643-2
https://doi.org/10.1038/s41586-025-09643-2
https://doi.org/10.1038/s41467-020-15884-8
https://doi.org/10.1038/s41467-020-15884-8
https://doi.org/10.1038/s41467-020-15884-8
https://doi.org/10.1038/s41467-020-15884-8
https://doi.org/10.1038/s41467-020-15884-8
https://doi.org/10.1038/s41467-020-15884-8
https://doi.org/10.1038/s41467-020-15884-8
https://doi.org/10.1126/scitranslmed.aay1163
https://doi.org/10.1126/scitranslmed.aay1359
https://doi.org/10.1186/s12987-020-00226-z
https://doi.org/10.1186/s12987-020-00226-z
https://doi.org/10.1186/s12987-020-00226-z
https://doi.org/10.1186/s12987-020-00226-z
https://doi.org/10.1186/s12987-020-00226-z
https://doi.org/10.1186/s12987-020-00226-z
https://doi.org/10.1186/s12987-020-00226-z
https://doi.org/10.3389/fimmu.2021.838082
https://doi.org/10.1146/annurev-chembioeng-100722-112440
https://doi.org/10.1146/annurev-chembioeng-100722-112440
https://doi.org/10.1146/annurev-chembioeng-100722-112440
https://doi.org/10.1146/annurev-chembioeng-100722-112440
https://doi.org/10.1146/annurev-chembioeng-100722-112440
https://doi.org/10.1146/annurev-chembioeng-100722-112440
https://doi.org/10.1146/annurev-chembioeng-100722-112440
https://doi.org/10.1089/cbr.2020.3941
https://doi.org/10.1016/j.bcp.2024.116457
https://doi.org/10.1016/j.tips.2020.12.005
https://doi.org/10.1016/j.tips.2020.12.005
https://doi.org/10.1124/jpet.545.923410
https://doi.org/10.1124/jpet.545.923410
https://doi.org/10.1038/s41586-024-08282-3
https://doi.org/10.1038/s41586-024-08282-3
https://doi.org/10.1038/s41586-024-08282-3
https://doi.org/10.1038/s41586-024-08282-3
https://doi.org/10.1038/s41586-024-08282-3
https://doi.org/10.1038/s41586-024-08282-3
https://doi.org/10.1038/s41586-024-08282-3
https://doi.org/10.1002/bit.28816
https://doi.org/10.3390/molecules28103991
https://doi.org/10.1002/prot.26598
https://doi.org/10.3389/fmolb.2023.1249247
https://doi.org/10.1093/bib/bbae445
https://doi.org/10.1101/2025.05.28.656709
https://doi.org/10.1101/2025.05.28.656709
https://doi.org/10.1016/j.jmb.2024.168748
https://doi.org/10.1038/s41421-023-00520-8
https://doi.org/10.1038/s41421-023-00520-8
https://doi.org/10.1038/s41421-023-00520-8
https://doi.org/10.1038/s41421-023-00520-8
https://doi.org/10.1038/s41421-023-00520-8
https://doi.org/10.1038/s41421-023-00520-8
https://doi.org/10.1038/s41421-023-00520-8
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life
https://www.the-innovation.org/the-innovation-life

Province Major Science and Technology Support Project (242W7712Z). The funders had
no role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript.

AUTHOR CONTRIBUTIONS

Y.X., ZL,JX, ZF. and T.W. contributed equally. Conception and supervision: C.Z,,
J.L., LJ.J. Project administration and funding acquisition: J.L., L.J.J., C.Z. Writing - origi-
nal draft and visualization: Y.X., Z.L. Methodology and investigation: Z.L., Z.F, S.L, F.T,
H.T, L.L. Data curation and analysis: J.X, F.T., D.J.H.S,, H.T. Formal analysis and visual-
ization: S.L., D.J.,H.S,, TW., W.S.C.. Resources and validation: Z.F,, S.L., L.L., C.Z.. Writing -
review and editing: Y.X., L.J.J., C.Z. Final approval of the manuscript: All authors. Y.X,, Z.L.,
JX, ZF. and TW. are listed as co-first authors as they both made substantial contribu-
tions to the design, execution, and writing of this study. All authors contributed to the
manuscript and approved the final version. Figures were designed with Adobe Illustrator

software and modified by Figdraw and MedPeer (https://www.medpeer.cn/).

DECLARATION OF INTERESTS
The authors declare no competing interests.

ETHICAL STATEMENT AND PATIENT CONSENT
Not applicable.

DATA AND CODE AVAILABILITY
No new data were created or analyzed in this study.

SUPPLEMENTAL INFORMATION
It can be found online at https://doi.org/10.59717/).xinn-life.2026.100176

317 uolpAOUU| 3Y |

[I J—

The Innovation Life 4(2): 100176, April 20, 2026

17



https://www.medpeer.cn/
https://doi.org/10.59717/j.xinn-life.2026.100176
https://doi.org/10.59717/j.xinn-life.2026.100176
https://doi.org/10.59717/j.xinn-life.2026.100176

	INTRODUCTION
	NANOBODIES: EXTRACELLULAR VS. INTRACELLULAR
	Extracellular nanobody acting as antagonist
	Extracellular nanobody acting as agonist or PAM
	Extracellular nanobody targeting MC4R: full agonist development

	THERAPEUTIC APPLICATIONS OF NANOBODY AND FUTURE PROSPECTS FOR GPCRS
	Nanobodies for Orphan GPCRs
	Bispecific and multivalent nanobodies for GPCR heterodimers

	NANOBODIES IN GPCR MODULATION: MECHANISMS, CHALLENGES, AND FUTURE DIRECTIONS
	SUMMARY
	ABBREVIATIONS
	REFERENCES
	FUNDING AND ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	DECLARATION OF INTERESTS
	ETHICAL STATEMENT AND PATIENT CONSENT
	DATA AND CODE AVAILABILITY
	SUPPLEMENTAL INFORMATION

