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In analyses of protein families that may serve as drug targets, membrane-associated G-protein-coupled
receptors (GPCRs) dominate, followed by ion channels, transporters, and—to a lesser extent—
membrane-bound enzymes. However, various challenges put such membrane proteins among key
groups of underutilized opportunities for the application of therapeutic antibodies. Antibodies hold the
promise of exquisite specificity, as they are able to target even specific conformations of a particular
membrane protein, as well as adaptability through engineering into various antibody formats.
However, the ease of raising and isolating specific, effective antibodies targeting membrane proteins
depends on many factors. In particular, the generation of specific antibodies is easier when targeting lar-
ger, simpler, extracellular domains with greater uniqueness of amino acid sequence. The rareness of such
ideal conditions is illustrated by the limited number of approved biologics for targeting GPCRs and other
complex membrane proteins. Challenges in developing antibodies to complex membrane proteins such
as GPCRs, ion channels, transporters, and membrane-bound enzymes can be addressed by the design
of the antigen, antibody-generation strategies, lead optimization technologies, and antibody modalities.
A better understanding of the membrane proteins being targeted would facilitate mechanism-based drug
discovery. This review describes the advantages and challenges of targeting complex membrane proteins
with antibodies and discusses the preparation of membrane protein antigens and antibody generation,
illustrated by select examples of success.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As of September 2021, there are 127 antibodies marketed in the
United States or European Union, according to a list maintained by
the Antibody Society [1]. Of these, over half—77 of 127—target
membrane proteins. However, the majority of these antibodies tar-
get membrane proteins with a simple transmembrane domain and
a large extracellular domain (ECD), such as tyrosine kinase recep-
tors. Only three target complex membrane proteins, in particular
G-protein-coupled receptors (GPCRs). It is notable that approxi-
mately 40% of all approved drugs work through GPCRs; this dis-
crepancy highlights the opportunity for therapeutic antibodies
targeting complex membrane proteins [2]. In fact, ion channels,
transporters, GPCRs, and membrane-bound enzymes are among
the largest classes of membrane proteins for drug discovery [3].

Several excellent reviews have been published on antibodies
targeting membrane proteins by the industry and by academic
groups focused on this topic [2–7]. The current review focuses on
the ways in which therapeutic antibody discovery and develop-
ment technologies are evolving the possibilities for antibody-
based targeting of difficult membrane proteins. This category of
proteins includes GPCRs, ion channels, transporters, and
membrane-bound enzymes.

GPCRs and ion channels are among the protein families that are
most targeted by small molecule therapeutics; a 2016 analysis of
the US Food and Drug Administration (FDA)-approved drug targets
showed that GPCRs and ion channels are responsible for 33% and
18% of small molecule therapeutic effects, respectively [8]. Yet
GPCRs and ion channels have been highlighted as understudied
opportunities for biomedical research and clinical development
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[9]. The limitations that have been encountered in the develop-
ment of small molecule drugs against complex membrane proteins
include problems with selectivity. Although small molecules can
reach small pockets more easily than antibodies can, antibodies
can readily target complex membrane proteins with sufficiently
large ECDs. One example of such complex membrane proteins is
C–C chemokine receptor type 4 (CCR4), the GPCR targeted by the
approved therapeutic mogamulizumab for the treatment of
relapsed or refractory mycosis fungoides and Sézary disease [10].
Erenumab, the GPCR targeting calcitonin gene-related peptide
receptor (CGRPR) approved for the prevention of migraine, is
another example [11]. Engineerability is a key feature of several
advantages of targeting complex membrane proteins with antibod-
ies. The superior selectivity and specificity of antibodies are espe-
cially advantageous when a particular conformation of a protein
is associated with a disease condition. One example is monoclonal
antibody (mAb) BIL010t, which targets the nonfunctional confor-
mation of the ion channel P2X7 (nfP2X7), and which is currently
in clinical trials for the treatment of basal cell carcinoma [12]. Con-
jugation to antibodies can improve the biodistribution and phar-
macokinetics of candidate therapeutics. This was illustrated in a
study of an ion channel inhibitor that achieved a greatly extended
half-life and better distribution to nerve fibers [13]. In addition to
the direct effects of binding, antibodies can act through effector
functions such as antibody-dependent cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC). The success of moga-
mulizumab demonstrates the promise of effector function modifi-
cations for empowering therapeutic antibodies [14].

Innovative crystallization and other structural biology tech-
niques have empowered researchers to better understand mem-
brane proteins [15]. Peptides made cyclic to mimic the native
structure of membrane proteins have enhanced the production of
antigens for raising antibodies targeting these proteins [16]. The
isolation of therapeutic antibodies targeting membrane proteins
also benefits from technological advances, such as DNA immuniza-
tion with Escherichia coli (E. coli) GroEL as a molecular adjuvant to
produce strong and specific antibody responses [17].

Four key challenges have historically impeded the development
of antibodies targeting complex membrane proteins. A first key
challenge is the isolation of pure protein stabilized in the desired
conformation to serve as an antigen to isolate antibodies. A second
key challenge is overcoming immunological tolerance—that is, the
tendency of an organism’s immune system to be unresponsive to
substances that resemble the organism’s own normal proteins.
Therefore, immune tolerance can inhibit the generation of a large
and diverse panel of antibodies against these proteins. A third
key challenge for the development of therapeutic mAbs against
complex membrane proteins is that the extracellular epitope areas
of these targets—the area most available to antibodies—can differ
substantially. Efficiently screening isolated antibodies for effec-
tively altering the function of their target membrane proteins is a
fourth key challenge of targeting complex membrane proteins with
therapeutic antibodies.

Diverse strategies have been applied as technological
solutions to the challenges of generating antibodies targeting
complex membrane proteins. These solutions have achieved
some success at unlocking the advantages of these potential
therapies. Examples of antibody therapies in clinical and preclin-
ical development against complex membrane proteins are listed
in Table 1 [12,18–40]. The developing pipeline of antibodies tar-
geting complex membrane proteins can be meaningfully
grouped according to target class, antigen format, antibody for-
mat, and antibody production platform. Varying degrees of infor-
mation are available about their ligands, binding, mechanisms of
action, effectiveness, epitopes, therapeutic indications, and side
effects (Table 1).
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The penetration challenge might be addressed by antibody
engineering. If the half-life in circulation is a challenge, engineering
the fragment crystallizable region (Fc) portion of antibodies can be
used to modify the half-life in either direction. Furthermore, Fc
effector mechanisms such as ADCC can be increased or decreased
by antibody engineering. Complex membrane proteins selectively
activate specific signaling pathways based on a number of factors.
These factors include ligands and other interacting proteins. Anti-
bodies have shown the capacity to recognize and stabilize specific
states or conformations of GPCRs and ion channels [12,41–43].
Accordingly, these antibodies can be used to bias the function of
a complex membrane protein toward a preferred pathway.

By searching ClinicalTrials.gov, PubMed, and lists prepared by
the Antibody Society, we identified complex-membrane-protein-
targeting antibodies currently in preclinical and clinical
development. Using representative examples, we herein discuss
the mechanisms of action of antibodies targeting these complex
membrane proteins, relevant sources and preparation of
membrane protein antigens, and antibody generation.
2. Mechanisms of action of antibodies targeting complex
membrane proteins

GPCRs function by being activated by an extracellular ligand at
an ECD and transmitting a signal into a cell using an intracellular
domain [44]. Ion channels function by forming a pore through
which ions can cross the hydrophobic core of cellular membranes
[45]. Ion channels, GPCRs, and other membrane-bound proteins are
active in many important cellular processes and have identified
roles in diverse diseases as well. As such, they are attractive targets
for pharmacological manipulation to promote healthy function or
prevent pathological function [8,9]. Since they are so commonly
used for biological processes and since their structures are highly
conserved, it is of particular importance that therapeutic interven-
tions against these targets have highly tuned selectivity. This is one
criterion that makes antibodies especially promising therapeutic
options. The diversity of the structures of membrane-bound pro-
teins, such as ion channels and GPCRs, and of membrane-bound
enzymes, such as matrix metalloproteases, creates an abundance
of opportunities for interventions regulating specific functions of
these proteins. This abundance also contributes to the promise of
therapeutic antibodies against complex membrane proteins; the
complex structures of antibodies can be engineered in many ways
to match a wide variety of targets.

Some structures and potential points of interaction for antibod-
ies and GPCRs are shown in Fig. 1(a). One path for antibody inter-
action with a GPCR is through stabilizing an active state; for
example, antibodies acting as agonistic ligands were raised against
human GPR56 to analyze its function in human glioma cells [46]. A
second path for antibody interaction with a GPCR is agonist activa-
tion by promoting dimerization; antibodies against metabotropic
glutamate receptor 7 and b1-adrenergic receptor have been shown
to be effective at activating GPCRs this way [47,48]. Alternatively,
antibodies may act as antagonists inactivating a GPCR. One exam-
ple is the case of a diverse array of antagonistic antibodies that
were raised against the glucose-dependent insulinotropic polypep-
tide (GIP) receptor [49]. These GIP-receptor-targeting antibodies
were presented as having potential as candidate therapies for
the treatment of people affected by diabetes or obesity. Moga-
mulizumab was approved in 2018 for the treatment of lymphomas
Sézary syndrome and mycosis fungoides [50]. Mogamulizumab
targets the GPCR CCR4, but has not been shown to promote its
activity as an agonist or inhibit its activity as an antagonist.
Instead, mogamulizumab functions by depleting cells expressing
CCR4 in the tumor environment, including tumor cells and regula-



Table 1
Antibodies targeting membrane proteins in development with key technologies employed to overcome challenges.

Target Target class Antibody drug Company Antigen format Antibody format Indication References

CCR4 GPCR Mogamulizumab/
Poteligeo

Kyowa Hakko
Kirin

Purified N-terminal
peptide

Humanized glyco-engineered IgG1 Mycosis
fungoides or
Sézary
syndrome

[18–20]

CCR5 GPCR PRO 140/
Leronlimab

CytoDyn L1.2–CCR5+ cells Humanized version of murine mAb GVHD, HIV,
triple negative
breast cancer

[21–24]

CGRPR GPCR Erenumab/
Aimovig

Amgen/
Novartis

Soluble N-terminal
ECD expressed in
HEK293 cells

Human IgG2 Migraine
prevention

[25–29]

C5aR GPCR IPH5401 Innate Pharma
MedImmune
LLC

L1.2 cells
overexpressing C5aR

IgG Cancer [30]

LGR5 GPCR BNC-101 Bionomics NA Humanized monoclonal antibody Metastatic
colorectal
cancer

[31]

GPCR MCLA-158 (also
targeting EGFR)

Merus NA Fabs from combinatorial libraries of
rearranged hypervariable VH and VL

sequences from nonimmunized
human donors

Colorectal
cancer

[32]

GLP-1 GPCR JY09 Beijing
Dongfang
Biotech Co.,
Ltd.

NA Construction with human IgG2 Fc
fragment and peptide agonist

Diabetes or
obesity

[33]

CB1 GPCR Nimacimab Bird Rock Bio NA NA Fibrosis,
metabolic and
inflammatory
diseases

[34]

CXCR4 GPCR Ulocuplumab Bristol-Myers
Squibb

Cells overexpressing
CXCR4

Human IgG4 monoclonal Multiple
myeloma

[35]

Orai-1 Calcium
release
activated
channel

Amgen Cells overexpressing
Orai-1

XenoMouse produced human
antibodies

Autoimmune
disease

[36]

Novo Nordisk Extracellular loop 2
peptide

Humanized murine antibodies [37]

nfP2X7 Ligand-
gated ion
channel

BIL010t Biosceptre Peptide of region
uniquely exposed in
this variant of P2X7
(nfP2X7)

IgG Cancer [12]

Glucose
transporter
inward-open
or outward-
open states

Transporter LM043, LM048 Integral
Molecular

Virus-like particles IgG1-Fc Diabetes [38]

MMP-14 Protease Membrane-
bound
enzyme

3A2 UC Riverside
and SBP
Medical
Discovery
Institute

Catalytic domain of
MMP-14

Fab from synthesized human Fab
library

Cancer [39]

Human apelin
receptor

GPCR JN241-9 Amgen Stabilized target
protein in nanodiscs

Single-domain antibody derived from
camelid heavy chain-only antibody

Chronic heart
failure

[40]

NA: information not available; CCR5: C–C motif chemokine receptor 5; C5aR: complement component 5a receptor; HEK: human embryonic kidney; LGR5: leucine-rich
repeat-containing G protein-coupled receptor 5; GLP-1: glucagon-like peptide-1; CB1: cannabinoid receptor type 1; CXCR4: C–X–C motif chemokine receptor 4; Orai-1:
calcium release-activated calcium channel protein 1; EGFR: epidermal growth factor receptor; nfP2X7: non-functioning P2X purinoceptor 7; MMP-14: matrix metallopro-
teinase-14; IgG: immunoglobulin G; Fc: fragment crystallizable region; Fab: antigen-binding fragment; GVHD: graft-versus-host disease; HIV: human immunodeficiency
virus; VH: variable light chain; VL: variable light chain.
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tory T cells inhibiting the host’s anti-tumor response [18,51,52].
The cell-depleting effect of mogamulizumab has been shown to
function through ADCC enhanced by Fc engineering, namely, defu-
cosylation [18]. Erenumab is another GPCR-targeting antibody that
was approved in 2018 for the prevention of migraine in adults
[11]. Erenumab acts as an antagonist against the GPCR known as
CGRPR by competing with ligand binding [25,26]. One path of
interaction between an antibody and an ion channel is illustrated
in Fig. 1(b); an antibody can promote inhibition through internal-
ization. An example of an antibody shown to promote internaliza-
tion and inhibition of ion channel function targets is calcium
release-activated calcium channel protein 1 (Orai-1) [37]. Orai-1
is an autoimmune disorder target that forms pores for the calcium
influx necessary for T cell activation [53]. Targeting specific states
is yet another path by which antibodies may modify the function
1543
of a complex membrane protein. This path is illustrated in Fig. 1(c).
Antibodies have been generated to target both the inward-open
and outward-open states of the glucose transporter GLUT4 [38].
Membrane-bound enzymes are another category of complex
membrane proteins whose function has been effectively modified
by antibodies, as illustrated in Fig. 1(d). Using newly available
information about the structures of membrane proteins, antibod-
ies have been engineered with corresponding structures designed
to reach into deep catalytic sites and ligand binding sites. These
antibodies have long complementarity determining region (CDR)
loops on the heavy chain (CDR-H3s) encoding convex paratopes.
These CDR-H3s are either taken from antibodies isolated from
immunized camelids [40,54] or designed to mimic the CDR-H3
regions of such antibodies [39]. The proteinase matrix
metalloproteinase-14 (MMP-14), a cancer drug target, is one



Fig. 1. Select paths for antibodies targeting membrane proteins. (a) Antibodies can activate GPCRs, for example by acting as agonistic ligands or promoting dimerization.
Alternatively, antibodies can inactivate GPCRs, for example by competitively displacing the ligand. (b) Promoting internalization is one way in which antibodies target ion
channels. (c) Antibodies have been raised to be specific against a particular functional state, in this case targeting inward-open and outward-open states for the uptake of
glucose by cells. (d) Antibodies have been designed to specifically to reach into the active site of enzymes such as MMP-14. They can also inactivate enzymes by stabilizing
inactive conformations, such as the CD73 dimer.
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example of a membrane protein that has been successfully tar-
geted by antibodies via a long CDR-H3 [39]. Another example is
the human apelin receptor (APJ), a target for therapies to treat
patients with chronic heart failure [40]. JN241-9, the antibody
reported to target the human apelin receptor, is especially remark-
1544
able for two reasons: First, APJ is a class A GPCR, which has a smal-
ler N-terminal ECD than more frequently targeted class B GPCRs;
and second, JN241-9 functions as an agonist to replace the natural
APJ ligand [40]. The therapeutic antibody MEDI9447 is reported to
antagonize the enzyme CD73 (ecto-5’-nucleotidase) by stabilizing
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the inactive conformation and by crosslinking inter-CD73 dimers
(Fig. 1(d)) [54].
3. Antigen preparation

Obtaining specific, functional antibodies to modulate the func-
tion of membrane proteins begins with the preparation of antigens.
The antigens used to generate therapeutic antibodies ideally pre-
sent all epitopes that are relevant for the desired effect on the tar-
get protein. The ideal complex membrane antigen therefore
presents conformation and post-translational modifications rele-
vant to the desired effect. The entire protein need not be presented,
but relevant domains that may contain epitopes for targeting by
antibodies should not be omitted. Alterations may be imposed to
generate pure, functionally active antigen in large amounts. These
alterations should preserve overall conformation, ligand binding,
cell surface expression, processing, and relevant epitopes. Strate-
gies to select epitopes for therapeutic antibodies vary for different
classes of complex membrane proteins. For most, the epitopes
should be at ECD loops and N-terminal sites [36–38,40]. Intracellu-
lar epitopes might be targeted as tools to reveal structure and func-
tion, such as LM043 against the intracellular loops of the inward-
open conformation of GLUT4 [38]. For membrane-bound enzymes,
the epitope may be at a site where antibody binding would com-
Fig. 2. Select antigen formats. (a) The simplest form of antigen is the peptide that is
conformation, for example, by the chemical addition of a linker or by cyclization. (b) For
can be made to express the target membrane protein. (c) Purified membrane proteins ma
nanodisc mimics of cell membrane lipid environments. These mimics preserve the rele
membrane that might generate non-specific antibodies. (d) Virus-like particles are ano
antigenic purposes. (e) DNA immunization of animals with DNA encoding the membran
specific to that protein.
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pete with substrate binding [39]. An epitope might be at a ligand
binding site, as is the case for JN241-9-targeting apelin receptor
[40]. In some cases, an antigen used to generate therapeutic anti-
bodies has been validated for small-molecule therapeutics with
the antibodies and small molecules interacting at different epi-
topes, enabling synergistic effects [21]. Given the size and com-
plexity of complex membrane proteins, the effective discovery of
antibodies against these proteins must cover a broad range of
diverse epitopes. The selection of antigen format is guided by fac-
tors that include an analysis of the structure and function of the
target, and information about antigen formats that were previously
successful in isolating antibodies against similar targets. Sub-
classes of membrane protein targets can be defined based on the
ways in which the proteins perform their function. For example,
the physiological processes involving ion channels can be grouped
into categories according to function, such as the coupling of stim-
ulation and secretion. Common systems of classification for GPCRs
group these proteins according to sequence, function, and phyloge-
netic analyses [55,56]. Fig. 2 illustrates select innovative antigen
formats that have enabled the successful development of thera-
peutic mAbs against complex membrane proteins. Developments
in antigen generation, including novel detergent calixarenes and
lipid nanodisc innovation of saposine-lipoprotein (Salipro) parti-
cles, have recently been reviewed more comprehensively else-
where [4].
intended as the target. If necessary, a peptide can be stabilized into a relevant
more native stabilization of the desired conformation of a membrane protein, cells
y be prepared as antigens in nanodiscs with membrane scaffold proteins supporting
vant conformation of a membrane protein without the components of a real cell
ther way to preserve the native conformation of a purified membrane protein for
e protein of interest can be part of a strategy to effectively raise immune responses
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3.1. Peptides

Peptides are the simplest antigen format, and are the easiest
and most economical to make in large quantities. Three cases in
which the peptide antigen format may be preferred are: ① cases
in which the required antibody only needs to bind to a receptor
in order to deplete a particular population of cells; ② cases in
which the extracellular N-terminus of the receptor is directly
involved in its function; and ③ cases in which the membrane pro-
tein has a large ECD. One successful application of peptides to gen-
erate antibodies against GPCRs involved CCR4 [19]. Peptides were
one of the antigen formats used to generate antibodies against
the ion channel Orai-1 [37]. Peptides can be stabilized by being
constrained, or made cyclic, to mimic the native structure [57]
(Fig. 2(a)). One example of this strategy is the chemical linkage
of peptides onto scaffolds (CLIPS), a technique that has been suc-
cessfully applied to generate antibodies against the GPCR CXC che-
mokine receptor-2 (CXCR2) [16]. Fig. 2(a) illustrates extracellular
N-terminal peptides, with and without stabilizing constraints, used
as an antigen to generate antibodies targeting complex membrane
proteins.

3.2. Cells expressing membrane peptides or proteins

Lipid environments remain important for the correct conforma-
tion and activity of complex membrane proteins. More complex
antigen formats incorporating native structures are used with the
objective of improving the chances of isolating antibodies with
the desired biological functions. mAbs with therapeutic potential
have been created by means of immunization using cells express-
ing membrane peptides or proteins [36,58], membrane proteins
with structures such as nanodiscs simulating the native membrane
environment [59], antigen formats in which virus-like particles
take the place of the native membrane [38,60], and DNA encoding
the membrane protein of interest [61,62].

Cells can be used to express membrane proteins, as illustrated
in Fig. 2(b). Ideally, expression hosts should produce functional,
correctly folded protein at high levels, with proper post-
translational modifications. They should also be adaptable to
large-scale culture. Large-scale transient transfection methods,
such as the MaxCyte electroporation system [63], facilitate the iso-
lation of cells expressing membrane proteins, even when the suc-
cessfully transfected cell is rare. An mAb targeting the leucine-rich
repeat-containing G-protein-coupled receptor 5 (LGR5) is one
example of an antibody that was successfully generated using
the cells expressing the format of the membrane proteins [64]. In
this case, the receptor peptide was co-transfected with receptor
activity-modifying protein (RAMP). The strategy of immunization
with cells expressing membrane peptides or proteins has also been
effectively employed to produce antibodies modulating the func-
tion of ion channels. Antibodies inhibiting ion channel function
have been generated by the immunization of animals expressing
the calcium-release activated channel Orai-1 [36] and the ligand-
gated ion channel P2X7 [58]. Orai-1 is targeted for the treatment
of patients with autoimmune disease [36,37]. Blocking P2X7 can
be helpful in the treatment of patients with inflammatory disease
[65].

3.3. Purified membrane proteins: Nanodiscs and SMALPs

Historically, detergents were used to purify membrane proteins
from their membranes. Mutations can be used to stabilize mem-
brane proteins in detergent [66,67]. One solution to the require-
ment of providing a lipid environment in order to enhance the
native quality of the membrane protein folding is nanodiscs or
lipid discs [68]. Functional apelin receptor APJ-agonist antibodies
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were generated and isolated using an engineered version of the
APJ receptor expressed in insect cells and reconstituted in
nanodiscs and liposomes [40]. Another such solution is styrene
maleic acid lipid particles (SMALPs) [69,70]. These are two exam-
ples of alternatives to detergents for isolating membrane proteins
from membranes while preserving their structure, function, and
other features that are important for generating antibodies against
complex membrane proteins. The process of preparing antigens
from purified membrane proteins, lipid environments, and scaffold
proteins is illustrated in Fig. 2(c).
3.4. Virus-like particles and proteoliposomes

Other antigen formats that mimic native membranes include
virus-like particles (VLPs), a lipid-bilayer-based antigen format
that resembles native cellular membranes more than nanodiscs.
This form of antigen has been employed, along with strategies to
optimize immunization, for the discovery of antibodies targeting
complex membrane proteins including GPCRs, ion channels, and
transporters [38,71,72]. VLP antigens were used along with the
immunization of a divergent species—namely, chicken—in order
to isolate state-dependent GLUT4 antibodies useful for characteriz-
ing GLUT4 and for studies toward the development of new thera-
peutics against diabetes [38]. The process of generating a virus-
like lipoparticle is illustrated in Fig. 2(d).
3.5. DNA immunization

DNA coding for a receptor can be delivered into a host that will
both express the membrane protein and produce antibodies
against that protein. Fig. 2(e) illustrates this strategy of antigen
preparation. A gene gun can be used to introduce coated DNA par-
ticles so that they will be expressed by cells presenting the antigen
[73,74]. Choosing adjuvants to boost the immune response pre-
sents another opportunity for optimization. DNA immunization
has been employed to generate antibodies activating the b1-
adrenergic receptor with stabilized receptor (StaR) proteins
injected following complementary DNA (cDNA) delivery in order
to boost the immune response [47]. The co-injection of plasmids
that expressed the GPCR endothelin A receptor (ETAR) and the
adjuvant E. coli GroEL generated an enhanced immune response
to the GPCR [17].
4. Antibody generation

When researchers study complex membrane proteins as targets
of therapeutic antibodies, they focus on topics such as the struc-
ture and function of the targeted proteins, the process of preparing
antigens in different formats, and strategies for antibody isolation.
Limited access to enabling technologies is an additional obstacle
that impedes the advancement of lead antibodies from academic
laboratories to the preclinical development stage.

Technological platforms for antibody generation involve tools
and expertise for generating and maintaining diverse sources of
antibodies; different methods for isolating antibodies that perform
a desired function; and optimizing isolated antibodies through
affinity maturation, humanization, ADCC enhancement, presenta-
tion in various formats, and other strategies. Fig. 3 illustrates select
platform options for the generation of optimized antibodies.

Ease of access to advanced antibody discovery and generation
technology can help improve the efficiency of the antibody isola-
tion process. This efficiency, in turn, enables the isolation of rare
antibodies that are effective against difficult targets such as com-
plex membrane proteins.



Fig. 3. Select platforms used to generate antibodies targeting membrane proteins. Once a membrane protein antigen is prepared, it can be used to generate antibodies
targeting the membrane protein. From this point, three stages can be defined for the generation of an optimized antibody. (a) Creating a source of diverse candidate
antibodies is a first stage. This might be done through the immunization of animals or construction of natural or synthetic antibody libraries. Wild-type mice, mice deficient in
the target protein, and immunoglobulin-humanized mice can be immunized. Sheep, chickens, camels, and llamas have also been immunized for the successful generation of
candidate therapeutic antibodies targeting membrane proteins. Non-human primates are another option. Human donors and structural and functional analyses of antibodies
can be used to create natural or synthetic antibody libraries that can be cloned into vectors for antibody expression. (b) Isolation is a second stage in the antibody-generation
process. From a large number of candidates, the most promising lead antibodies can be isolated for larger scale production through screening phage libraries or antibodies
produced by hybridomas or cloning antibody genes from individual plasma or memory B cells. (c) Once preliminary assays produce a further refined list of candidate
therapeutic antibodies, these antibodies can be further optimized by means of engineering techniques including afucosylation and construction as different modalities,
including IgG, Fab, single chain antibody fragment (scFv), domain antibodies, bispecific antibodies, and antibodies with ‘‘payloads”—that is, drugs, oligonucleotides, or radio-
conjugates. RT-PCR: reverse transcription-polymerase chain reaction; a-1,6-fucosyltransferase (FUT8).
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4.1. Animals and libraries as antibody sources: The isolation of rare
antibodies

The immunization of animals with a prepared antigen is an
important source of antibodies. The choice of animal is key. Several
1547
different animals that have been used for immunization as anti-
body sources are illustrated in Fig. 3(a). Wild-type mice are one
choice. An antibody-blocking lipid-activated GPCR S1P3, called
EDD 7H9, was generated by immunizing wild-type mice with a
synthetic peptide [75]. The objectives for the development of this
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therapeutic antibody included inhibition of breast cancer tumor
growth and management of sepsis. As mentioned in the discussion
of antigen formats, Orai-1 is a calcium-release activated channel
that is targeted for the management of autoimmune disease. This
is another example of a protein that has been effectively targeted
with antibodies generated through the immunization of wild-
type mice. Antibodies blocking T cell function by targeting Orai-1
have been generated through the immunization of wild-type
BALB/c mice with a peptide spanning the second extracellular loop
(ECL2) of Orai-1 [37]. Anti-Orai-1 antibodies targeting the ECL2 of
Orai-1 have also been generated by means of the immunization of
a mouse that was genetically engineered to produce human anti-
bodies [36]. In this case, the antigen format was cells overexpress-
ing the Orai-1 protein.

Another option for an immunization animal is mice deficient in
the target protein. One example of antibodies generated by the
immunization of mice deficient in the target protein are GMA102
and GMA105, which target the GPCR glucagon-like peptide-1
receptor (GLP1R). These antibodies have entered phase I clinical
trials for the treatment of patients with type 2 diabetes mellitus
(T2DM) or obesity. In this case, GLP1R knockout mice were immu-
nized with purified and refolded human GLP1R N-terminal ECD
[76]. The variable heavy chain (VH) and variable light chain (VL)
regions of the murine antibodies were subsequently cloned into
human embryonic kidney suspension cells (HEK293-6E) for pro-
duction for structural characterization [77].

In addition to wild-type mice and mice that are deficient in the
target protein, immunoglobulin-humanized mice are a choice of
animal for immunization as a source of fully human antibodies.
This genetic engineering enables human antibody responses while
maintaining the function of the mouse immune system [78].
Douthwaite et al. [79] developed a therapeutic mAb against GPCR
formyl peptide receptor 1 (FPR1) using the VelocImmune mouse,
along with affinity maturation employing phage display libraries
[79]. FPR1 is targeted for the treatment of patients with
inflammation-related diseases [80]. The GPCR-targeting antibodies
erenumab [25] and REMD-477 [81] were isolated using a mouse
with human immunoglobulin loci incorporated into a mouse
germline: the XenoMouse platform. Another example of the appli-
cation of this platform is the isolation of antibodies targeting the
calcium release activated channel Orai-1 [36]. Another type of
immunoglobulin-humanized mice, Medarex KM, were employed
to yield antibodies modifying the function of the GPCR CXCR4;
one, called ulocuplumab, entered phase I clinical trials [35,82].

It is especially important to consider the immunization of ani-
mals other than mice when generating sources of antibodies
against difficult membrane proteins. The company Biosceptre
moved through phase I clinical trials for the treatment of patients
with basal cell carcinoma with an antibody against nfP2X7, a vari-
ant of adenosine triphosphate (ATP)-gated calcium channel P2X7,
raised by the immunization of sheep with a peptide uniquely
exposed in this variant [12]. Chickens, as animals that are phyloge-
netically distant from humans, have been reported as a valuable
host for the generation of therapeutic antibody candidates [49].
Camelids including llamas are sources of nanobodies, such as an
antibody targeting CX3CR1, a chemokine receptor involved in the
recruitment of CD8+ T cells, for the treatment of patients with renal
disease [83]. Camels were immunized as sources for the variable
regions of a phage display antibody library from which APJ-
agonist antibodies were isolated [40]. Fig. 3(a) also illustrates
libraries of human and synthetic antibodies; these are other
options that have been employed as sources of antibodies targeting
difficult membrane proteins [38,39]. For human libraries, genetic
material is extracted from immune cells isolated from human
donors. For synthetic libraries, structural analysis informs the
design for the synthesis of genetic material. Then, from extracted
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or synthesized genetic material, antibody genes are expanded
and cloned into a vector for transfection into an expression host.

Whatever the animal source of antibodies may be, the isolation
of rare antibodies with the desired function may be accomplished
by hybridomas or B cell cloning, as illustrated in Fig. 3(b). A hybri-
doma is produced by the fusion of a myeloma cell with a B cell pro-
ducing antibodies with the desired antigen specificity [84].
4.2. Modifications to antibody format

Following the isolation of antibodies against difficult membrane
proteins, additional obstaclesmight need to be overcome in order to
fine-tune those antibodies as powerful therapeutic tools; somefine-
tuning methods are illustrated in Fig. 3(c). ‘‘Glyco-engineering,” in
this case, involves the manipulation of antibodies for reduced fuco-
sylation, called afucosylation or defucosylation, which can give
these ‘‘nonfucosylated” antibodies a higher affinity for Fc receptors
and can overcome the impediment of insufficient ADCC [14]. The
nonfucosylated antibody mogamulizumab was produced using the
POTELLIGENT� technology platform produced by the generation of
a cell line with knockout a-1,6-fucosyltransferase (FUT8) gene
[14,85].

The use of different formats of antibodies is another area for
fine-tuning antibodies to overcome challenges for generating
mAbs against complex or difficult membrane proteins. Various for-
mats include IgG, antigen-binding fragment (Fab), single chain
antibody fragments (scFvs) [57,71], domain antibodies [86],
nanobodies [49], bispecific [87], and antibody conjugates [88]
(Fig. 3(c)).
5. Summary

This review discussed ways in which technological solutions
facilitate the overcoming of obstacles to the development of
therapeutic antibodies targeting complex membrane proteins.
These solutions primarily exist in two areas. The preparation of
complex membrane proteins to serve as antigens is one area of
key technological solutions enabling the development of antibod-
ies that effectively target such proteins. The second area of key
technological solutions in this field involves antibody optimization
and production technology platforms. Antibodies have many
unique advantages over small-molecule and peptide drugs; com-
plex membrane proteins play a broad range of roles in normal
and disease states. Therefore, many research groups and compa-
nies are working toward developing therapeutic antibodies target-
ing complex membrane proteins. One limitation to this overview is
that there are too many new developments in this field for every-
thing to be covered here. The selection provided in this review is a
representative snapshot of the state of this field based on our
understanding and experience of therapeutic antibody develop-
ment. One area for future improvement includes the development
of guidelines for informing the best choices of antigen format and
antibody-generation platforms for a given target. Another area for
improvement is the development of guidelines for selecting target
complex membrane proteins. Screening is another step in the
development of therapeutic antibodies in which access to technol-
ogy can play an important role. Binding assays and affinity mea-
surement are usually the first steps, and the validation of the
antibody in vitro and in vivo are the next steps. Functional assays
depend on the target, the desired change for the target, and the
mechanism by which the antibody is intended to make that
change. For example, to achieve the inhibition of calcium-release
activated channel Orai-1, which is targeted for reducing autoim-
munity, the in vitro antibody functional assays used in screening
included calcium flux assays, current measurement, an assessment
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of the antibody effect on T cell activation, and cytokine release
assays [36,37]. Assays for anti-Orai-1 antibody inhibition function
in vivo involved the characterization of graft-versus-host disease
(GVHD) symptoms in a humanized GVHD mouse model [37].
Insights from structure were key in the design of a strategy that
enabled the discovery of the human apelin receptor agonist anti-
body JN241-9. Functional screening for antibody activation of this
receptor involved the detection of intracellular cyclic adenosine
monophosphate (cAMP) levels and an assay of b-arrestin recruit-
ment [40]. Functional screening for agonist antibodies targeting
b1-adrenergic receptor involved cell-based assays used to evaluate
cAMP stimulation and an enzyme fragment complementation
assay to measure signaling through b-arrestin. Screening for the
function of a cannabinoid receptor type 1 (CB1) receptor agonist
antibody also used a cAMP functional assay [89]. Agonist activity
against bradykinin B2 receptor (BKB2R) is detected by functional
screening assessing the ability to stimulate phosphorylation of
glycogen synthase kinase 3 (GSK-3) [90]. Advances in available
technology and expertise have already enabled significant progress
toward the generation, isolation, screening, and engineering of
therapeutic antibodies targeting complex membrane proteins.
Application of the products of these and upcoming advances will
enable far more targeting of complex membrane proteins in the
near future.

Acknowledgments

This work was partly supported by the Cancer Prevention and
Research Institute of Texas, USA (PR150551 and RP190561), and
the Welch Foundation (AU-0042-20030616). The work was also
supported by the National Natural Science Foundation of China
(31700778 and 31320103918), and Jiangsu Province’s Key Labora-
tory of Medicine (XK201135).
Compliance with ethical guidelines

Georgina To’a Salazar, Ziyi Huang, Ningyan Zhang, Xue-Guang
Zhang, and Zhiqiang An declare that they have no conflicts of inter-
est or financial conflicts to disclose.

References

[1] Antibody therapeutics approved or in regulatory review in the EU or US
[Internet]. Framingham: The Antibody Society; 2015 [cited 2021 Sep 16].
Available from: https://www.antibodysociety.org/resources/approved-
antibodies/.

[2] Hutchings CJ, Koglin M, Olson WC, Marshall FH. Opportunities for therapeutic
antibodies directed at G-protein-coupled receptors. Nat Rev Drug Discov
2017;16(11):787–810.

[3] Hutchings CJ, Colussi P, Clark TG. Ion channels as therapeutic antibody targets.
MAbs 2019;11(2):265–96.

[4] Dodd RB, Wilkinson T, Schofield DJ. Therapeutic monoclonal antibodies to
complex membrane protein targets: antigen generation and antibody
discovery strategies. BioDrugs 2018;32:339–55.

[5] Douthwaite JA, Finch DK, Mustelin T, Wilkinson TC. Development of
therapeutic antibodies to G protein-coupled receptors and ion channels:
opportunities, challenges and their therapeutic potential in respiratory
diseases. Pharmacol Ther 2017;169:113–23.

[6] Wilkinson TC, Gardener MJ, Williams WA. Discovery of functional antibodies
targeting ion channels. J Biomol Screen 2015;20(4):454–67.

[7] Wulff H, Christophersen P, Colussi P, Chandy KG, Yarov-Yarovoy V. Antibodies
and venom peptides: new modalities for ion channels. Nat Rev Drug Discov
2019;18(5):339–57.

[8] Santos R, Ursu O, Gaulton A, Bento AP, Donadi RS, Bologa CG, et al. A
comprehensive map of molecular drug targets. Nat Rev Drug Discov 2017;16
(1):19–34.

[9] Oprea TI, Bologa CG, Brunak S, Campbell A, Gan GN, Gaulton A, et al.
Unexplored therapeutic opportunities in the human genome. Nat Rev Drug
Discov 2018;17(5):317–32.

[10] Kasamon YL, Chen H, de Claro RA, Nie L, Ye J, Blumenthal GM, et al. FDA
approval summary: mogamulizumab-kpkc for mycosis fungoides and Sézary
syndrome. Clin Cancer Res 2019;25(24):7275–80.
1549
[11] Shreiber AM. Erenumab (Aimovig) for migraine prophylaxis in adults. Am Fam
Physician 2019;99(12):781–2.

[12] Gilbert SM, Gidley Baird A, Glazer S, Barden JA, Glazer A, Teh LC, et al. A phase I
clinical trial demonstrates that nfP2X7-targeted antibodies provide a novel,
safe and tolerable topical therapy for basal cell carcinoma. Br J Dermatol
2017;177(1):117–24.

[13] Biswas K, Nixey TE, Murray JK, Falsey JR, Yin L, Liu H, et al. Engineering
antibody reactivity for efficient derivatization to generate NaV1.7 inhibitory
GpTx-1 peptide-antibody conjugates. ACS Chem Biol 2017;12(9):2427–35.

[14] Beck A, Reichert JM. Marketing approval of mogamulizumab: a triumph for
glyco-engineering. MAbs 2012;4(4):419–25.

[15] Weierstall U, James D, Wang C, White TA, Wang D, Liu W, et al. Lipidic cubic
phase injector facilitates membrane protein serial femtosecond
crystallography. Nat Commun 2014;5(1):3309.

[16] Boshuizen RS, Marsden C, Turkstra J, Rossant CJ, Slootstra J, Copley C, et al. A
combination of in vitro techniques for efficient discovery of functional
monoclonal antibodies against human CXC chemokine receptor-2 (CXCR2).
MAbs 2014;6(6):1415–24.

[17] Fujimoto A, Kosaka N, Hasegawa H, Suzuki H, Sugano S, Chiba J. Enhancement
of antibody responses to native G protein-coupled receptors using E. coli GroEL
as a molecular adjuvant in DNA immunization. J Immunol Methods 2012;375
(1–2):243–51.

[18] Ito A, Ishida T, Utsunomiya A, Sato F, Mori F, Yano H, et al. Defucosylated anti-
CCR4 monoclonal antibody exerts potent ADCC against primary ATLL cells
mediated by autologous human immune cells in NOD/Shi-scid, IL-2R cnull mice
in vivo. J Immunol 2009;183(7):4782–91.

[19] Niwa R, Shoji-Hosaka E, Sakurada M, Shinkawa T, Uchida K, Nakamura K, et al.
Defucosylated chimeric anti-CC chemokine receptor 4 IgG1 with enhanced
antibody-dependent cellular cytotoxicity shows potent therapeutic activity to
T-cell leukemia and lymphoma. Cancer Res 2004;64(6):2127–33.

[20] Ishii T, Ishida T, Utsunomiya A, Inagaki A, Yano H, Komatsu H, et al.
Defucosylated humanized anti-CCR4 monoclonal antibody KW-0761 as a
novel immunotherapeutic agent for adult T-cell leukemia/lymphoma. Clin
Cancer Res 2010;16(5):1520–31.

[21] Murga JD, Franti M, Pevear DC, Maddon PJ, Olson WC. Potent antiviral synergy
between monoclonal antibody and small-molecule CCR5 inhibitors of human
immunodeficiency virus type 1. Antimicrob Agents Chemother 2006;50
(10):3289–96.

[22] Olson WC, Rabut GEE, Nagashima KA, Tran DNH, Anselma DJ, Monard SP, et al.
Differential inhibition of human immunodeficiency virus type 1 fusion, gp120
binding, and CC-chemokine activity by monoclonal antibodies to CCR5. J Virol
1999;73(5):4145–55.

[23] Trkola A, Ketas TJ, Nagashima KA, Zhao L, Cilliers T, Morris L, et al. Potent,
broad-spectrum inhibition of human immunodeficiency virus type 1 by the
CCR5 monoclonal antibody PRO 140. J Virol 2001;75(2):579–88.

[24] Shearer WT, DeVille JG, Samson PM, Moye Jr JH, Fletcher CV, Church JA, et al.
Susceptibility of pediatric HIV-1 isolates to recombinant CD4-IgG2 (PRO 542)
and humanized mAb to the chemokine receptor CCR5 (PRO 140). J Allergy Clin
Immunol 2006;118(2):518–21.

[25] Shi L, Lehto SG, Zhu DX, Sun H, Zhang J, Smith BP, et al. Pharmacologic
characterization of AMG 334, a potent and selective human monoclonal
antibody against the calcitonin gene-related peptide receptor. J Pharmacol Exp
Ther 2016;356(1):223–31.

[26] Xu C, Shi L, Rao S, King C, Sun H, Zhu D, et al. EHMTI-0315. AMG 334, the first
potent and selective human monoclonal antibody antagonist against the CGRP
receptor. J Headache Pain 2014;15(S1):G43.

[27] Amgen. Study to evaluate the efficacy and safety of Erenumab (AMG 334) in
migraine prevention [Internet]. Bethesda: US National Library of Medicine;
[updated 2019 Oct 9; cited 2020 Feb 20]. Available from:
https://clinicaltrials.gov/ct2/show/NCT02456740.

[28] Amgen. Study to evaluate the efficacy and safety of Erenumab (AMG 334)
compared to placebo in migraine prevention [Internet]. Bethesda: US National
Library of Medicine; [updated 2019 Dec 11; cited 2020 Feb 20]. Available
from: https://clinicaltrials.gov/ct2/show/NCT02483585.

[29] Amgen. A study to evaluate the efficacy and safety of Erenumab (AMG 334) in
chronic migraine prevention [Internet]. Bethesda: US National Library of
Medicine; [updated 2019 Dec 17; cited 2020 Feb 20]. Available from:
https://clinicaltrials.gov/ct2/show/NCT02066415.

[30] Innate Pharma. IPH5401 (Anti-C5aR) in combination with Durvalumab in
patients with advanced solid tumors [Internet]. Bethesda: US National Library
of Medicine; [updated 2019 Dec 23; cited 2020 Feb 20]. Available from:
https://clinicaltrials.gov/ct2/show/NCT03665129.

[31] Bionomics Limited. A phase I, dose escalation study of BNC101 in patients with
metastatic colorectal cancer [Internet]. Bethesda: US National Library of
Medicine; [updated 2019 Jan 16; cited 2020 Feb 20]. Available from:
https://clinicaltrials.gov/ct2/show/NCT02726334.

[32] Merus NV. A study of bispecific antibody MCLA-158 in patients with advanced
solid tumors [Internet]. Bethesda: US National Library of Medicine; [updated
2018 Aug 13; cited 2020 Feb 20]. Available from: https://clinicaltrials.gov/ct2/
show/NCT03526835.

[33] Beijing Dongfang Biotech Co., Ltd. A study of JY09 in Chinese healthy subjects
[Internet]. Bethesda: US National Library of Medicine; [updated 2016 Dec 7; cited
2020 Feb 20]. Available from: https://clinicaltrials.gov/ct2/show/NCT02971722.

[34] Bird Rock Bio, Inc. Study to evaluate the safety, tolerability, pharmacokinetics
and exploratory efficacy of Nimacimab in patients with diabetic gastroparesis
[Internet]. Bethesda: US National Library of Medicine; [updated 2020 Jan 18;

http://refhub.elsevier.com/S2095-8099(21)00378-7/h0010
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0010
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0010
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0015
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0015
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0020
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0020
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0020
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0025
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0025
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0025
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0025
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0030
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0030
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0035
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0035
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0035
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0040
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0040
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0040
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0045
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0045
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0045
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0050
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0050
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0050
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0055
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0055
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0060
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0060
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0060
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0060
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0065
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0065
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0065
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0065
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0070
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0070
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0075
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0075
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0075
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0080
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0080
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0080
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0080
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0085
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0085
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0085
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0085
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0090
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0090
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0090
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0090
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0090
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0095
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0095
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0095
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0095
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0100
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0100
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0100
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0100
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0105
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0105
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0105
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0105
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0110
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0110
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0110
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0110
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0115
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0115
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0115
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0120
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0120
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0120
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0120
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0125
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0125
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0125
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0125
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0130
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0130
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0130


Georgina To’a Salazar, Z. Huang, N. Zhang et al. Engineering 7 (2021) 1541–1551
cited 2020 Feb 20]. Available from: https://clinicaltrials.gov/ct2/show/
NCT03900325.

[35] Kashyap MK, Jones H, Sabbatini P, Kipps TJ, Shelat SG, Choi MY, et al.
Ulocuplumab (BMS-936564/MDX1338): a fully human anti-CXCR4 antibody
induces cell death in chronic lymphocytic leukemia mediated through a
reactive oxygen species-dependent pathway. Oncotarget 2015;7(3):2809–22.

[36] Lin FF, Elliott R, Colombero A, Gaida K, Kelley L, Moksa A, et al. Generation and
characterization of fully human monoclonal antibodies against human Orai1
for autoimmune disease. J Pharmacol Exp Ther 2013;345(2):225–38.

[37] Cox JH, Hussell S, Sondergaard H, Roepstorff K, Bui JV, Deer JR, et al. Antibody-
mediated targeting of the Orai1 calcium channel inhibits T cell function. PLoS
ONE 2013;8(12):e82944.

[38] Tucker DF, Sullivan JT, Mattia KA, Fisher CR, Barnes T, Mabila MN, et al.
Isolation of state-dependent monoclonal antibodies against the 12-
transmembrane domain glucose transporter 4 using virus-like particles. Proc
Natl Acad Sci USA 2018;115(22):E4990–9.

[39] Nam DH, Rodriguez C, Remacle AG, Strongin AY, Ge X. Active-site MMP-
selective antibody inhibitors discovered from convex paratope synthetic
libraries. Proc Natl Acad Sci USA 2016;113(52):14970–5.

[40] Ma Y, Ding Y, Song X, Ma X, Li X, Zhang N, et al. Structure-guided discovery of a
single-domain antibody agonist against human apelin receptor. Sci Adv
2020;6(3):eaax7379.

[41] Gupta A, Decaillot FM, Gomes I, Tkalych O, Heimann AS, Ferro ES, et al.
Conformation state-sensitive antibodies to G-protein-coupled receptors. J Biol
Chem 2007;282(8):5116–24.

[42] Ring AM, Manglik A, Kruse AC, Enos MD, Weis WI, Garcia KC, et al. Adrenaline-
activated structure of b2-adrenoceptor stabilized by an engineered nanobody.
Nature 2013;502(7472):575–9.

[43] Webb DR, Handel TM, Kretz-Rommel A, Stevens RC. Opportunities for
functional selectivity in GPCR antibodies. Biochem Pharmacol 2013;85
(2):147–52.

[44] GPCR [Internet]. Cambridge: Nature Education; c2014 [cited 2019 Dec 16].
Available from: https://www.nature.com/scitable/topicpage/gpcr-14047471/.

[45] Ion channel [Internet]. Cambridge: Nature Education; c2014 [cited 2019 Dec
16]. Available from: https://www.nature.com/scitable/topicpage/ion-channel-
14047658/.

[46] Ohta S, Sakaguchi S, Kobayashi Y, Mizuno N, Tago K, Itoh H. Agonistic
antibodies reveal the function of GPR56 in human glioma U87-MG cells. Biol
Pharm Bull 2015;38(4):594–600.

[47] Hutchings CJ, Cseke G, Osborne G, Woolard J, Zhukov A, Koglin M, et al.
Monoclonal anti-b1-adrenergic receptor antibodies activate G protein
signaling in the absence of beta-arrestin recruitment. MAbs 2014;6
(1):246–61.

[48] Ullmer C, Zoffmann S, Bohrmann B, Matile H, Lindemann L, Flor P, et al.
Functional monoclonal antibody acts as a biased agonist by inducing
internalization of metabotropic glutamate receptor 7. Br J Pharmacol
2012;167(7):1448–66.

[49] Konitzer JD, Pramanick S, Pan Q, Augustin R, Bandholtz S, Harriman W, et al.
Generation of a highly diverse panel of antagonistic chicken monoclonal
antibodies against the GIP receptor. MAbs 2017;9(3):536–49.

[50] FDA approves treatment for two rare types of non-Hodgkin lymphoma
[Internet]. Silver Spring: US Food and Drug Administration; 2018 Aug 18
[cited 2020 Feb 20]. Available from: https://www.fda.gov/news-events/press-
announcements/fda-approves-treatment-two-rare-types-non-hodgkin-
lymphoma.

[51] Ni X, Jorgensen JL, Goswami M, Challagundla P, Decker WK, Kim YH, et al.
Reduction of regulatory T cells by Mogamulizumab, a defucosylated anti-CC
chemokine receptor 4 antibody, in patients with aggressive/refractory mycosis
fungoides and Sézary syndrome. Clin Cancer Res 2015;21(2):274–85.

[52] Ogura M, Ishida T, Hatake K, Taniwaki M, Ando K, Tobinai K, et al. Multicenter
phase II study of mogamulizumab (KW-0761), a defucosylated anti-CC
chemokine receptor 4 antibody, in patients with relapsed peripheral T-cell
lymphoma and cutaneous T-cell lymphoma. J Clin Oncol 2014;32
(11):1157–63.

[53] Cahalan MD, Chandy KG. The functional network of ion channels in T
lymphocytes. Immunol Rev 2009;231(1):59–87.

[54] Geoghegan JC, Diedrich G, Lu X, Rosenthal K, Sachsenmeier KF, Wu H, et al.
Inhibition of CD73 AMP hydrolysis by a therapeutic antibody with a dual, non-
competitive mechanism of action. MAbs 2016;8(3):454–67.

[55] Fredriksson R, Lagerström MC, Lundin LG, Schiöth HB. The G-protein-coupled
receptors in the human genome form five main families. Mol Pharmacol
2003;63(6):1256–72.

[56] Hu GM, Mai TL, Chen CM. Visualizing the GPCR Network: classification and
evolution. Sci Rep 2017;7(1):15495.

[57] Zhang Y, Pool C, Sadler K, Yan HP, Edl J, Wang X, et al. Selection of active ScFv
to G-protein-coupled receptor CCR5 using surface antigen-mimicking
peptides. Biochemistry 2004;43(39):12575–84.

[58] Buell G, Chessell IP, Michel AD, Collo G, Salazzo M, Herren S, et al. Blockade of
human P2X7 receptor function with a monoclonal antibody. Blood 1998;92
(10):3521–8.

[59] Qiang M, Dong X, Zha Z, Zuo XK, Song XL, Zhao L, et al. Selection of an ASIC1a-
blocking combinatorial antibody that protects cells from ischemic death. Proc
Natl Acad Sci USA 2018;115(32):E7469–77.

[60] Mettler Izquierdo S, Varela S, Park M, Collarini EJ, Lu D, Pramanick S, et al.
High-efficiency antibody discovery achieved with multiplexed microscopy.
Microscopy 2016;65(4):341–52.
1550
[61] MacDonald L, Gao M, Morra M, Alessandri-Haber NM, LaCroix-Fralish ML,
inventors; Regeneron Pharmaceuticals, Inc., assignee. Anti-ASIC1 antibodies
and uses thereof. United States patent US 9371383B2. 2016 Jun 21.

[62] Stortelers C, Pinto-Espinoza C, Van Hoorick D, Koch-Nolte F. Modulating ion
channel function with antibodies and nanobodies. Curr Opin Immunol
2018;52:18–26.

[63] Li LH, Shivakumar R, Feller S, Allen C, Weiss JM, Dzekunov S, et al. Highly
efficient, large volume flow electroporation. Technol Cancer Res Treat 2002;1
(5):343–9.

[64] Sasaki Y, Kosaka H, Usami K, Toki H, Kawai H, Shiraishi N, et al. Establishment
of a novel monoclonal antibody against LGR5. Biochem Biophys Res Commun
2010;394(3):498–502.

[65] Danquah W, Rissiek B, Pinto C, Arnau SP, Amadi M, Iacenda D, et al.
Nanobodies that block gating of the P2X7 ion channel ameliorate
inflammation. Sci Transl Med 2016;8(366):366ra162.

[66] Robertson N, Jazayeri A, Errey J, Baig A, Hurrell E, Zhukov A, et al. The
properties of thermostabilised G protein-coupled receptors (StaRs) and their
use in drug discovery. Neuropharmacology 2011;60(1):36–44.

[67] Tehan BG, Christopher JA. The use of conformationally thermostabilised GPCRs
in drug discovery: application to fragment, structure and biophysical
techniques. Curr Opin Pharmacol 2016;30:8–13.

[68] Denisov IG, Sligar SG. Nanodiscs for structural and functional studies of
membrane proteins. Nat Struct Mol Biol 2016;23(6):481–6.

[69] Lindhoud S, Carvalho V, Pronk JW, Aubin-Tam ME. SMA-SH: modified styrene-
maleic acid copolymer for functionalization of lipid nanodiscs.
Biomacromolecules 2016;17(4):1516–22.

[70] Schmidt V, Sturgis JN. Modifying styrene-maleic acid co-polymer for studying
lipid nanodiscs. Biochim Biophys Acta Biomembr 2018;1860(3):777–83.

[71] Van der Woning B, de Boeck G, Blanchetot C, Bobkov V, Klarenbeek A, Saunders
M, et al. DNA immunization combined with scFv phage display identifies
antagonistic GCGR specific antibodies and reveals new epitopes on the small
extracellular loops. MAbs 2016;8(6):1126–35.

[72] Frauenfeld J, Loving R, Armache JP, Sonnen AF, Guettou F, Moberg P, et al. A
saposin-lipoprotein nanoparticle system for membrane proteins. Nat Methods
2016;13(4):345–51.

[73] Bergmann-Leitner ES, Leitner WW. Vaccination using gene-gun technolog. In:
Vaughan A, editor. Malaria vaccines: methods and protocols. New
York: Humana Press; 2015. p. 289–302.

[74] Hansen DT, Craciunescu FM, Fromme P, Johnston SA, Sykes KF. Generation of
high-specificity antibodies against membrane proteins using DNA–gold
micronanoplexes for gene gun immunization. Curr Protoc Protein Sci
2018;91(1):29.20.1–22.

[75] Harris GL, Creason MB, Brulte GB, Herr DR. In vitro and in vivo antagonism of a
G protein-coupled receptor (S1P3) with a novel blocking monoclonal antibody.
PLoS ONE 2012;7(4):1–8.

[76] Pyke C, Heller RS, Kirk RK, Orskov C, Reedtz-Runge S, Kaastrup P, et al. GLP-1
receptor localization in monkey and human tissue: novel distribution revealed
with extensively validated monoclonal antibody. Endocrinology 2014;155
(4):1280–90.

[77] Hennen S, Kodra JT, Soroka V, Krogh BO, Wu X, Kaastrup P, et al. Structural
insight into antibody-mediated antagonism of the glucagon-like peptide-1
receptor. Sci Rep 2016;6(1):26236.

[78] Murphy AJ, Macdonald LE, Stevens S, KarowM, Dore AT, Pobursky K, et al. Mice
with megabase humanization of their immunoglobulin genes generate
antibodies as efficiently as normal mice. Proc Natl Acad Sci USA 2014;111
(14):5153–8.

[79] Douthwaite JA, Sridharan S, Huntington C, Hammersley J, Marwood R,
Hakulinen JK, et al. Affinity maturation of a novel antagonistic human
monoclonal antibody with a long VH CDR3 targeting the Class A GPCR
formyl-peptide receptor 1. MAbs 2015;7(1):152–66.

[80] Dufton N, Perretti M. Therapeutic anti-inflammatory potential of formyl-
peptide receptor agonists. Pharmacol Ther 2010;127(2):175–88.

[81] Yan H, Gu W, Yang J, Bi V, Shen Y, Lee E, et al. Fully human monoclonal
antibodies antagonizing the glucagon receptor improve glucose homeostasis
in mice and monkeys. J Pharmacol Exp Ther 2009;329(1):102–11.

[82] Kuhne MR, Mulvey T, Belanger B, Chen S, Pan C, Chong C, et al. BMS-936564/
MDX-1338: a fully human anti-CXCR4 antibody induces apoptosis in vitro and
shows antitumor activity in vivo in hematologic malignancies. Clin Cancer Res
2013;19(2):357–66.

[83] Low S, Wu H, Jerath K, Tibolla A, Fogal B, Conrad R, et al. VHH antibody
targeting the chemokine receptor CX3CR1 inhibits progression of
atherosclerosis. MAbs 2020;12(1):1709322.

[84] Köhler G, Milstein C. Continuous cultures of fused cells secreting antibody of
predefined specificity. Nature 1975;256(5517):495–7.

[85] Natsume A, Niwa R, Satoh M. Improving effector functions of antibodies for
cancer treatment. Drug Des Devel Ther 2009;3:7–16.

[86] Jahnichen S, Blanchetot C, Maussang D, Gonzalez-Pajuelo M, Chow KY, Bosch L,
et al. CXCR4 nanobodies (VHH-based single variable domains) potently inhibit
chemotaxis and HIV-1 replication and mobilize stem cells. Proc Natl Acad Sci
USA 2010;107(47):20565–70.

[87] Robert R, Juglair L, Lim EX, Ang C, Wang CJH, Ebert G, et al. A fully humanized
IgG-like bispecific antibody for effective dual targeting of CXCR3 and CCR6.
PLoS ONE 2017;12(9):e0184278.

[88] Gong X, Azhdarinia A, Ghosh SC, Xiong W, An Z, Liu Q, et al. LGR5-targeted
antibody-drug conjugate eradicates gastrointestinal tumors and prevents
recurrence. Mol Cancer Ther 2016;15(7):1580–90.

http://refhub.elsevier.com/S2095-8099(21)00378-7/h0175
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0175
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0175
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0175
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0180
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0180
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0180
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0185
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0185
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0185
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0190
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0190
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0190
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0190
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0195
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0195
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0195
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0200
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0200
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0200
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0205
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0205
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0205
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0210
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0210
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0210
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0210
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0215
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0215
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0215
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0230
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0230
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0230
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0235
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0235
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0235
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0235
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0240
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0240
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0240
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0240
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0245
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0245
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0245
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0255
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0255
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0255
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0255
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0260
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0260
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0260
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0260
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0260
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0265
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0265
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0270
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0270
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0270
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0275
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0275
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0275
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0280
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0280
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0285
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0285
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0285
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0290
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0290
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0290
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0295
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0295
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0295
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0300
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0300
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0300
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0310
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0310
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0310
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0315
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0315
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0315
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0320
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0320
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0320
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0325
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0325
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0325
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0330
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0330
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0330
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0335
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0335
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0335
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0340
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0340
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0345
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0345
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0345
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0350
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0350
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0355
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0355
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0355
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0355
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0360
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0360
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0360
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0365
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0365
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0365
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0370
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0370
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0370
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0370
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0375
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0375
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0375
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0375
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0380
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0380
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0380
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0380
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0385
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0385
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0385
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0390
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0390
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0390
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0390
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0395
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0395
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0395
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0395
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0400
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0400
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0405
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0405
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0405
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0410
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0410
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0410
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0410
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0415
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0415
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0415
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0420
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0420
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0425
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0425
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0430
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0430
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0430
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0430
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0435
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0435
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0435
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0440
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0440
http://refhub.elsevier.com/S2095-8099(21)00378-7/h0440


Georgina To’a Salazar, Z. Huang, N. Zhang et al. Engineering 7 (2021) 1541–1551
[89] Kretz-Rommel A, Shi L, Ferrini R, Yang T, Xu F, Campion B, inventors; Ruiyi Inc.,
assignee. Antibodies that bind human cannabinoid 1 (CB1) receptor. United
States patent US 2015/023108. 2015 Oct 1.
1551
[90] Williams MS, Charles ML, inventors; DiaMedica Inc, Williams MS, Charles ML,
assignees. Anti-bradykinin B2 receptor (BKB2R) monoclonal antibody. United
States patent US 2011/062967 2012 Jun 7.


	Antibody Therapies Targeting Complex Membrane Proteins
	1 Introduction
	2 Mechanisms of action of antibodies targeting complex membrane proteins
	3 Antigen preparation
	3.1 Peptides
	3.2 Cells expressing membrane peptides or proteins
	3.3 Purified membrane proteins: Nanodiscs and SMALPs
	3.4 Virus-like particles and proteoliposomes
	3.5 DNA immunization

	4 Antibody generation
	4.1 Animals and libraries as antibody sources: The isolation of rare antibodies
	4.2 Modifications to antibody format

	5 Summary
	ack14
	Acknowledgments
	Compliance with ethical guidelines
	References


