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G-protein-coupled receptors (GPCRs), which make up the largest superfamily of human membrane proteins, play pivotal
roles in mediating intracellular signaling and inducing cell proliferation, cell growth, and cell motility through the
association and subsequent dissociation of G-proteins in response to external stimuli.

Keywords: G protein-coupled receptor ; membrane protein

| 1. Introduction

G-protein-coupled receptors (GPCRs), which make up the largest superfamily of human membrane proteins, play pivotal
roles in mediating intracellular signaling and inducing cell proliferation, cell growth, and cell motility through the
association and subsequent dissociation of G-proteins in response to external stimuli (Eigure 1) 2. Many clinical studies
have revealed that abnormal functions of GPCRs are highly related to a variety of human diseases and affect the patient
survival rate BI4IEl Therefore, GPCRs are crucial drug targets to treat patients with various diseases, and their targeting
drugs represent more than 30 percent of all US Food and Drug Administration (FDA)-approved drugs EIZIEl Annual sales
of these drugs have increased to about USD 180 billion in 2018 &
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Figure 1. Schematic diagram of G-protein-coupled receptor (GPCR) signaling pathways mediated by G, protein subunits.
Downstream signaling triggered by binding of G proteins changes the concentrations of phospholipase C-beta (PLCp),
phosphoinositide 3-kinases-gamma (PI3Ky), diacylglycerol (DAG), inositol trisphosphate (IP3), and cyclic adenosine
monophosphate (cCAMP) and regulates various cellular functions such as cell matility, cell growth, cell proliferation, and
cancer progression and metastasis.

Compared to small-molecule chemical drugs and small peptides, therapeutic antibodies have many advantages in terms
of higher target specificity, fewer side effects, and superior serum circulating half-life 19. However, despite clinical and
marketing successes of monoclonal antibody products to treat numerous diseases, only two anti-GPCR therapeutic
antibody drugs, Amgen’s erenumab (trade name: Aimovig), targeting calcitonin gene-related receptor (CGRPR) to treat
migraine (Figure 2a) 1 and Kyowa Kirin’'s mogamulizumab (trade name: Poteligeo), targeting chemokine receptor 4
(CCRA4) to treat refractory mycosis fungoides and Sézary syndrome (Eigure 2b), have been approved to date 12,
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Figure 2. US FDA-approved anti-GPCR antibodies erenumab and mogamulizumab. (a) Erenumab is an antagonistic
monoclonal antibody against calcitonin gene-related peptide receptor (CGRPR) consisting of calcitonin receptor-like
receptor (CLR) and receptor activity-modifying protein 1 (RAMP1) for treatment of chronic migraine. (b) Mogamulizumab
is an antibody against chemokine receptor 4 (CCR4) for treatment of T-cell leukemia by inactivating the GPCR and
clearance of target cells by enhanced antibody-dependent cell-mediated cytotoxicity (ADCC).

Generally, amenable techniques to isolate therapeutic human antibodies include (1) humanization of candidate antibodies
followed by the selection of hybridoma cells derived from immunized animals; (2) screening of the human naive antibody
library displayed on the surface of bacteriophages, bacteria, or yeast, which take advantage of a physical linkage between
genotype and phenotype; and (3) hybridoma selection after immunizing an antigen into humanized transgenic animals,
referred to as XenoMouse™, which contains the genes for variable regions of the heavy (VH) and light (VL) chains of the
human antibody repertoire 131,

Regardless of the antibody isolation technique, preparing pure GPCR antigens with the native conformation of the human
in vivo condition is essential for successful isolation of therapeutic functional human anti-GPCR antibodies. In particular,
GPCRs containing seven transmembrane a-helices are usually expressed at very low levels in heterologous expression
systems; therefore, it is very hard to purify the antigen with a native conformation as a soluble form. Furthermore, the
limited surface area of the extracellular region of GPCRs in the whole GPCR structure makes it very difficult to prepare
the GPCR antigen as a target for therapeutic anti-GPCR antibodies. Even though antigen preparation is one of the most
difficult steps in development of therapeutic anti-GPCR antibodies, two anti-GPCR antibodies have overcome the
challenges and have been recently approved. In addition, dozens of anti-GPCR antibodies are under clinical development
or are waiting for clinical evaluations of therapeutic efficacy and toxicity.

| 2. GPCR Extracellular Region Fusion Proteins as GPCR Antigens

Interaction between the extracellular region of GPCRs and their ligands triggers conformational changes in the
intracellular region of the protein, resulting in the association of G-proteins and the transmission of extracellular signals
into cells 24, GPCRs consist of seven transmembrane a-helical bundles, four extracellular regions: N-terminal,
extracellular loop 1 (ECL1), extracellular loop 2 (ECL2), and extracellular loop 3 (ECL3), and four intracellular regions:
intracellular loop 1 (ICL1), intracellular loop 2 (ICL2), intracellular loop 3 (ICL3), and C-terminal. The unique three-
dimensional structure of each GPCR determines its ligand specificity to elicit its characteristic cellular responses. To
isolate antibodies that recognize the extracellular region of a GPCR, a simple strategy is to chemically conjugate or
genetically fuse a designed peptide comprising the part of the GPCR extracellular region with a carrier protein (Figure 3a).
The prepared antigen can be used to immunize animals or screen antibodies from a human naive antibody library 131,
Although the extracellular region peptide prepared with a carrier protein is unable to perfectly mimic the extracellular
peptide conformation of a native GPCR, some human GPCR extracellular region polypeptides containing post-
translational modifications such as glycosylation can be expressed in mammalian cells 281, A mimic GPCR extracellular
loop was fused with a carrier protein and employed to isolate erenumab, targeting calcitonin gene-related peptide receptor

(CGRPR) L4, mogamulizumab, targeting chemokine receptor 4 (CCR4) 18, and vantictumab, targeting Frizzled-7 (FZD7)
e
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Figure 3. Various types of antigens that have been employed to isolate anti-GPCR antibodies. (a) Extracellular region
fused proteins. (b) Whole cells expressing GPCRs on their cellular membrane. (c) Membrane factions expressing
GPCRs. (d) Purified whole GPCRs. (e) DNA molecules encoding GPCRs. (f) Extracellular region peptides. (g) Virus-like
particles (VLPs) displaying GPCRs on the surface. (h) Reconstituted GPCR—lipid—belt protein (GLB) complexes.

Erenumab is an antibody developed to treat patients with chronic migraine. It regulates the function of calcitonin receptor-
like receptor (CLR), interacting with the receptor activity-modifying protein (RAMP) family. The single transmembrane
domain has selectivity for three types of ligands: calcitonin gene-related peptide (CGRP), adrenomedullin 1, and
adrenomedullin 2 29, The calcitonin gene-related peptide receptor (CGRPR), comprising CLR and RAMP1, is mainly
distributed in the peripheral and central nervous systems.

Moreover, it is closely related to migraine through vasodilation following G4 protein release and the activation of adenylyl
cyclase 2122 Based on the finding that the CGRP binding site spans the extracellular regions of CLR and RAMP1 [23] g
heterodimeric Fc (fragment crystallizable) fusion protein consisting of an ectodomain of RAMP and an N-terminal
extracellular region of CLR was designed as an antigen to isolate CGRPR antagonistic antibodies (Eigure 4a). In addition,
the prepared heterodimeric Fc fusion was immunized into XenoMouse to generate erenumab, followed by hybridoma
screening 241251 (Figure 4b). Erenumab showed a high binding affinity to CGRPR (Kp = 56 pM) and excellent inhibition of
cAMP production (ICsg = 2.3 nM) 28, Additionally, structural analysis of the CGRPR-CGRP complex confirmed that
erenumab directly blocks the conformation of CGRP into CGRPR [24, In the phase Il clinical trial, patients treated with 70
mg and 140 mg of erenumab once a month for at least 6 months showed 43.3% and 50% reductions of number of days of
migraine 28, respectively, and these efficacy results enabled the antibody to be the first anti-GPCR antibody approved by
the US FDA in May 2018 and by the European Medicines Agency (EMA) in July 2018.
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Figure 4. Schematic diagrams of antigen preparation and overall procedure for discovery of US FDA-approved anti-
GPCR antibody. (a) A heterodimer CGRPR Fc protein prepared by Fc fusion constructs of N-terminal extracellular regions
of CLR and ectodomain of RAMP1. (b) Immunization of heterodimeric CGRPR Fc proteins into XenoMouse hybridoma
selection to isolate erenumab. (c¢) The N-terminal region of CCR4 (28 amino acids: N2-C29) fused with keyhole limpet
hemocyanin (KLH). (d) Injection of the N-terminal region of CCR4-KLH into BALB/c mice and hybridoma selection,
humanization, and defucosylation of N-inked glycans of Fc to generate mogamulizumab.

Mogamulizumab is a humanized monoclonal antibody targeting chemokine receptor 4 (CCR4) with a glyco-engineered Fc
region to enhance the antibody-dependent cellular cytotoxicity (ADCC) for the clearance of adult t-cell leukemia (ATL).
The protein CCR4 is overexpressed on the surface of FOXP3+ regulatory T (Treg) cells of ATL patients and is involved in
the evasion of immune surveillance against tumors 2239 To jsolate anti-CCR4 antibodies, extracellular partial N-terminal
peptide (28 amino acids: N2-C29) was fused to a carrier protein, keyhole limpet hemocyanin (KLH) (Eigure 4c), and

injected into mice for the screening of antigen-specific antibodies (Figure 4d) BY. After humanization of the candidate

antibodies, glycol engineering was performed to defucosylate the N-linked glycan of Fc to enhance Fcyllla binding and
Natural Killer (NK) cell-mediated ADCC activity [B2[33134185] The resulting mogamulizumab (KW-0761) exhibited significant
efficacy in 50% of ATL patients treated in clinical trials, leading to successful commercialization in 2012 in Japan and in
2019 in the US for the treatment of mycosis fungoides (MF) and Sézary syndrome (SS) 121361,

Uncontrolled cell signaling in the Wnt/B-catenin pathway affects various types of tumors 4. Vantictumab (anti-FZD7), a
Whnt/B-catenin pathway-blocking antibody, was isolated by screening the human naive Fab antibody library displayed on
bacteriophages using the Fc-fused extracellular N-terminal domain of the GPCR as an antigen. The resulting antibody
(vantictumab) could inhibit Wnt pathway signaling through specific binding to five kinds of Frizzled receptors: FZD1, FZD2,
FzD5, FZD7, and FZD8 19, |n human phase 1 clinical examination, vantictumab significantly inhibited the growth of
pancreatic, colon, and breast cancer cells in combination with other chemotherapeutic agents 28],

| 3. GPCR-Expressing Cells or Membrane Fractions as GPCR Antigens

The use of GPCR-expressing cells (Eigure 3b) or their membrane fractions as antigens containing integral and associated
proteins (EFigure 3c) has been limited due to difficulty in overexpressing a target GPCR on the cell surface due to the

presence of numerous other membrane components. In addition, a very advanced handling technique is necessary to
apply the fragile whole cells as antigens for repeated rounds of antibody screening. Alternatively, the membrane fraction
from cells displaying a target GPCR has been used as a type of antigen. The biggest advantage of using GPCR-
expressing cells or membrane fractions is their native conformation that allows for the isolation of a desired anti-GPCR
antibody capable of recognizing the native structure of GPCR compared to using other GPCR mimetic antigens.

Representative examples of therapeutic anti-GPCR antibodies that have been isolated using animal immunization with
GPCR-overexpressing cells or their membranes fraction as antigens are glutazumab, targeting glucagon-like peptide-1
receptor (GLP1R) [BEA  yolagidemab, targeting glucagon receptor (GCGR) Y, plozalizumab, targeting chemokine
receptor type 2 (CCR2) 44, |eronlimab (Pro 140), targeting C-C chemokine receptor type 5 (CCR5) 23l ulocuplumab
(BMS-936564), targeting C-X-C chemokine receptor type 4 (CXCR4) 24 and avdoralimab (IPH5401), targeting C5a
receptor (C5aR) 421,

Glutazumab is an agonist antibody targeting GLP1R for the treatment of type 2 diabetes resulting from an abnormal
cellular response to insulin. It was developed by hybridoma selection from mice that were immunized with GLP1R-
expressing mammalian cells, humanization, and genetic fusion of the GLP1 (29 amino acids: H7-G35), a ligand of
GLP1R, at the N-terminus of the variable light chain of IgG 248l Glutazumab was efficacious in suppressing the
interaction between GLP-1 and GLP1R and showed significant efficacy in suppressing glucagon secretion in a human
phase Il clinical trial in Australia and New Zealand .

Leronlimab (Pro 140) is a humanized monoclonal antibody targeting CCR5, which is expressed on the surface of T
lymphocytes and is essential for the fusion of HIV with immune cells. Anti-CCR5 antibodies were isolated by immunizing
mice with CCR5-expressing mammalian cells, and humanization of the resulting antibodies enabled the development of
leronlimab (Pro 140) 43, The antibody inhibits HIV infection pathways by selectively binding to the N-terminus and
extracellular loop 2 of CCRS5, and a human phase IlI clinical trial is ongoing 2.
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