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Abstract

G protein-coupled receptors (GPCRs), also known as seven-transmembrane domain receptors, are among the most important

targets against which many small molecule drugs have been developed. However, only two antibody drugs targeting GPCRs

have been approved for clinical use although many antibody drugs against non-GPCR protein targets have been successfully

developed for various disease indications. One of the challenges for developing anti-GPCR drugs is the high difficulty to perform

affinity maturation due to their insolubility in aqueous solutions. To address this issue, CHO cell display libraries of single-chain

variable fragments (scFvs) and full-length antibodies were maturated directly against vesicle probes prepared from CHO cells

displaying the endothelin A receptor (ETaR) GPCR. The probe in the vesicle form ensures the physiological conformation and

functional activity of the protein and avoids issues with membrane protein insolubility. The size of the vesicle had a clear effect on

protein-ligand interaction; we used small-sized vesicles with low expression levels of GPCRs for the affinity maturation. Four

rounds of affinity maturation combining vesicles as probes with the CHO cell display platform improved affinity by 13.58-fold

for scFvs and 5.05-fold for full-length antibodies. We expect that this method will not only be used for the affinity maturation of

antibodies against GPCRs but will also be used tomature antibodies for other types of proteins where the conformation/activity of

which depends on the proper membrane environment.
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Introduction

In recent decades, antibodies have become more and more

important in therapeutics, as evidenced by an increasing num-

ber of FDA-approved monoclonal antibodies (Schrama et al.

2006). The advantages of antibody drugs over small-molecule

drugs include superior specificity, prolonged serum half-life,

and high druggability (Hutchings et al. 2010). It is generally

considered that only the affinity of monoclonal antibodies up

to 1 nM or higher to their target antigens will reach the re-

quirement of clinical development (Carlin et al. 1999;

Maynard et al. 2002; Putnam et al. 2008; Wu et al. 2007).

In vitro affinity is needed when the affinity of antibodies gen-

erated by immunizing animals or screening antibody libraries

does not meet the requirement for drug development.

Moreover, to reduce their antigenicity, humanization of anti-

bodies generated from non-humanized animals are needed,

which frequently results in reduction of antibody affinity

(Makabe et al. 2008; Verhoeyen et al. 1988). Therefore, affin-

ity maturation of antibodies in vitro is necessary for the gen-

eration of clinically usable antibody drugs (Schlapschy et al.

2008; Schlapschy et al. 2005).

GPCRs are seven-transmembrane domain receptors that play

important roles in physiology and pathology (Alexander et al.

2013). GPCRs are the largest group of eukaryotic cell surface

receptors, which mediate signal transduction initiating down-

stream cell signaling events triggered by a variety of stimulants,
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including light, odorant molecules, neurotransmitters, hormones,

and growth factors and linked to a wide range of diseases such as

cancer, inflammation, and metabolic diseases (Conn et al. 2007).

Accordingly, GPCRs served as one class of the most important

therapeutic targets, and approximately 34% of all currently

marketed drugs are targeted to GPCRs (Hauser et al. 2017;

Hauser et al. 2018; Hutchings et al. 2017; Raskandersen et al.

2011; Raskandersen et al. 2014; Santos et al. 2017). In spite of

their importance in pathogeny and treatment, only two antibody

drugs targeting GPCRs have been approved for clinical use.

Aimovig is the first and only anti-GPCR antibody that received

marketing approval of the FDA. It was engineered byAmgen for

treatment of the migraine-targeting CGRP (calcitonin gene-

related peptide) (Goldberg and Silberstein 2015). Before

Aimovig, Mogamulizumab, also called Potelligent, was ap-

proved in Japan for the treatment of relapsed or refractory adult

T cell leukemia-lymphoma (ATL) (Subramaniam et al. 2012).

The development of GPCR-targeting antibody drugs has been

beset by difficulties in the preparation of native and functional

form of antigens as well as the lack of a suitable antibody-

maturation platform for selectivity (Jo and Jung 2016).

Technologies for screening for or selecting antibodies

in vitro include phage (De Bruin et al. 1999; Huse et al.

1992; Smith 1985; Winter et al. 1994), yeast (Boder and

Wittrup 1997; Feldhaus et al. 2003), and bacterial (Francisco

and Georgiou 2006; Mazor et al. 2009; Qiu et al. 2010) and

mammalian cell displays (Chen et al. 2016). Although these

techniques have been successful in obtaining tighter binders

from libraries against free individual protein antigens, they are

difficult to use for maturing antibodies targeting GPCRs or

other membrane-bound proteins (Cho and Shusta 2010;

Lipes et al. 2008). In recent years, there have been only limited

improvements in the technologies for maturing GPCR anti-

bodies. For instance, yeast display has been used to mature an

anti-transferrin receptor (TfR) scFv by using detergent-

solubilized cell lysates as probes (Tillotson et al. 2015). The

problem is that detergent-solubilized protein probes may not

guarantee to possess native conformations (Hansen et al.

2018; Hotzel et al. 2011;Wilkinson et al. 2015). Phage display

has been used in affinity maturation for antibodies against

GPCR molecules (CCR4, CC chemokine receptor 4 and

formyl-peptide receptor 1) on plasma membrane of intact hu-

man cells (Hagemann et al. 2014; Krebs et al. 2001); thus,

these GPCR molecules are in native conformations.

However, in this procedure, each human cell binds to multiple

phages with different antibodies and quantitative sorting can-

not be applied, so it is labor-intensive. Therefore, new tech-

nologies that can efficiently mature antibodies against GPCR

or other membrane-bound antigens are needed.

In humans, endothelin represents the most potent and long-

lasting vasoconstrictor (Hillier et al. 2001). Endothelin, via

activation of ETaR (a GPCR), contributes to the development

of vascular disease such as hypertension and atherosclerosis

(Barton 2000). Small-molecule drugs targeting ETaR has been

used for patients with a range of vascular and nonvascular

diseases (Casserly and Klinger 2008; Maneenil et al. 2017;

Okamoto et al. 2016). However, these small-molecule drugs

have serious side effects in patients (Hartman et al. 2010). One

possible solution for the side effects of the small-molecule

drugs is to develop an antibody blocker to ETaR. An antibody

(80H4) developed by Gmax Biopharm LLC (Zhangzhou,

China) is a specific binder and inhibits vasoconstriction. In

this study, we used this antibody as a model to develop an

affinity maturation protocol for an anti-GPCR antibody.

In this study, we propose a new technology platform to im-

prove affinity of antibodies targetingGPCRs.We used small-size

vesicles displaying GPCRmolecules as probes and CHO cells to

display antibodies. The vesicle format conserves native confor-

mation ofGPCRmolecules. The size difference between vesicles

and CHO cells provides an opportunity for each cell to bind

multiple vesicles so as to distinguish antibody binding abilities.

We have carried out the maturation of both scFv and full-length

antibody against a GPCR (ETaR), and obtained antibody mu-

tants with significantly higher affinities to ETaR.

Materials and methods

Construction of plasmids

The sequences of the primers for construction of the plasmids

are listed in Table S1, and all the constructed plasmids below

were confirmed by sequencing.

The dual recombinase expression plasmid pCI-Flp-2A-Cre

(pF2AC) and the exchange plasmid pFRT-Ab-LoxP (pFAbL)

were constructed previously in our lab (Chen et al. 2016). The

plasmid pFAbL possessed a transmembrane domain (TM) so

the antibody could be displayed on the cell surface (Chen et al.

2012). The anti-GPCR monoclonal antibody against ETaR

(80H4) was originally generated by Gmax Biopharm LLC

(Zhangzhou, China). The sequences of light-chain and

heavy-chain variable regions were codon-optimized to maxi-

mize the transcription level using an in-house computer pro-

gram from Genscript (Nanjing, China), and the codon-

optimized DNAs were synthesized in the company. The

DNA sequences of the anti-GPCR and its codon-optimized

antibodies have been submitted to the EMBL Nucleotide

Sequence Database with accession numbers LR590084-

LR590085 and LR590086-LR590087, respectively.

The plasmid pFRT-anti-GPCR(80H4)-scFv for inserting

the antibody into the host CHO cells was created in the

following steps. First, anti-GPCR-HV (heavy chain region)

was amplified by PCR using primers Overlap-scFv-P2 and

Overlap-scFv-P4, and anti-GPCR-LV (light chain region)-

HA was amplified by PCR using primers Overlap-scFv-P3

and scFv-XhoI-P5. Second, SP-anti-GPCR-HV-(G4S)3-LV-
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HA was amplified by overlap PCR using primers scFv-

EcoR1-P1 and scFv-XhoI-P5, with a (G4S)3 linker

connecting anti-GPCR-VH and anti-GPCR-VL together.

Third, SP-anti-GPCR-scFv-HA cassette was inserted into

the pFAbL plasmid between EcoRI and XhoI. The plasmid

pFRT-anti-GPCR full-length was constructed in the follow-

ing steps. Kozak (Kozak sequence)-SP (signal peptide)-anti-

GPCR-LC (light chain constant region) was cloned into

pFRT-Ab-dual-CMV-LoxP plasmid between the EcoRI and

EcoRV sites to generate the plasmid pFRT-anti-GPCR-LC-

dual-CMV-Loxp, with a double CMV promoter for the con-

current expression of both HC and LC of antibodies. Kozak-

SP-anti-GPCR-HC (heavy-chain-constant region) was

cloned into pFRT-anti-GPCR-LC-dual-CMV-Loxp plasmid

between the NheI and XhoI sites for the generation of the

pFRT-anti-GPCR-full-length plasmid.

For the expression and purification of the proteins used in

this study, we constructed the following plasmids. pCEP4-

anti-GPCR-scFv-His for scFv-His expression was constructed

by inserting the SP-anti-GPCR-HV-(G4S)3-LV (described

above) into the pCEP4 vector (Invitrogen, USA) between

the HindIII and XhoI sites. We used pCDNA3.1(+)

(Invitrogen, USA) to construct the two plasmids

pCDNA3.1(+)-anti-GPCR-full-length-LC and pCDNA3.1(+

)-anti-GPCR-full-length-HC for full-length antibody expres-

sion and purification. Kozak-SP-LV-LC was cloned into

pCDNA3.1(+) between the EcoRI and XhoI sites, then

Kozak-SP-HV-HC was cloned into pCDNA3.1(+) between

the ClaI and XhoI sites to generate pCDNA3.1(+)-anti-

GPCR-full-length-HC. We constructed pCEP4-anti-GPCR-

scFv-Fc for purification of scFv-Fc format antibody by ampli-

fying Kozak-SP-scFv-Fc by overlap PCR, then inserting it

into pCEP4 between HindIII and XhoI.

We constructed the following two plasmids for the purifi-

cation of the proteins in E. coli. The pET28a(+)-GFP plasmid

was created by inserting a EGFP gene into the pET28a(+)

plasmid between SacI and XhoI. Similarly, we constructed

the pET28a(+)-RFP plasmid by inserting a RFP gene into

the pET28a(+) plasmid between BamHI and HindIII.

We also constructed the plasmid pCEP4-PD1-Fc for the

display of the PD1-Fc protein in CHO cells. The gene se-

quence of PD1 was obtained from the RCSB Protein Data

Bank (http: //www.rcsb.org, PDB ID: 3RRQ). The plasmid

pCEP4-PD1-Fc was created in the following steps. First, SP-

PD1 was amplified by PCR using primers SP-HindIII-P1 and

PD1-Overlap-P2, and Fc was amplified by PCR using primers

Fc-Overlap-P3 and Fc-BamHI-P4. Second, SP-PD1-Fc was

amplified by overlap PCR using primers SP-HindIII-P1 and

Fc-BamHI-P4, with a (G4S)3 linker connecting SP-PD1 and

Fc together. Third, SP-PD1-Fc was inserted into the pCEP4

plasmid between HindIII and BamHI.

For preparation of vesicles expressing PD-L1-GFP, we

constructed the plasmid PCEP4-PD-L1-GFP-TM by inserting

the open frame of the PD-L1 gene into PCEP4 between

HindIII and XhoI. The plasmids ETaR-GFP and ETaR were

gifts from Gmax Biopharm LLC (Hangzhou, China).

Cell culture

CHO/dhFr− cells (12200036, Cell Bank of the Chinese

Academy of Sciences, Shanghai, China) and the cell lines

derived from them were propagated in IMDM medium

(HyClone) containing 10% fetal bovine serum (HyClone),

0.1 mM hypoxanthin, and 0.016 mM thymidine (HT, Gibco,

USA), at 37 °C in a 5% CO2 incubator. The suspension

Expi293F cells (Invitrogen, Carlsbad, CA, USA) were cul-

tured in SMM 293-TII medium (Sino BiologicalInc, Beijing,

China) in suspension at 37 °C, 5% CO2. Cell density was

maintained between 3 × 105 and 3 × 106 cells/ml by dilution

of the cell suspension in the same growth medium.

Preparation of vesicles

A modified method reported by Hang et al. (Haiying et al.

1990) was used to obtain vesicles displaying ETaR. ETaR-

GFP cells were detached from dishes using 2.5 mM EDTA-

PBS, then collected by centrifuging at 300×g for 3 min and

washed with 5 ml ice-cold 20 mM Hepes buffer (pH 7.3).

Subsequently, cells were suspended in Hepes buffer at a den-

sity of about 5 × 107 cells/ml for cell vesicle preparation; this

and all subsequent steps were performed on ice or at 4 °C.

Proteinase inhibitor (Roche, Germany, 04693159001) mixture

was added to the cell suspension to avoid protein degradation.

The cell homogenization and cell membrane preparation were

performed by following the procedure reported by Hang et al.

(Haiying et al. 1990). The harvested cell membrane vesicles

were suspended in 1 ml opti-MEM and stored in a refrigerator

at 4 °C. The average diameter of these vesicles was 200 nm.

We used the Mini-Extruder Set (Avanti, 610000) to prepare

vesicles smaller than 200 nm, gently pushing the above-

described vesicles through a PC membrane with a designated

pore size between the two syringes 11 times.

Transfection and stable cell line establishment

To prepare the cells displaying PD1-Fc proteins and affinity-

matured PD1-Fc proteins, CHO cells were seeded 24 h prior

to transfection to achieve 80% confluence in a 6-well plate and

transfected with 1 μg wild-type or affinity-matured PD1-Fc

plasmids (pCEP4-PD1-Fc or pCEP4-matured PD1-Fc) using

the Lipofectamine™ 2000 (Invitrogen) following the manu-

facturer’s recommendations. Forty-eight hours after transfec-

tion, the cells were detected by a flow cytometer.

To generate cells displaying scFv and full-length anti-

GPCR (ETaR), these two antibody genes from the plasmids

PFRT-anti-GPCR-scFv and PFRT-anti-GPCR-full-length
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were integrated into the PuroR genome site of PuroR-12 CHO

cells (Chen et al. 2016) by following a procedure reported by

Chen et al. (2016). The cells that displayed the highest levels

(the top 1%) of the antibody were flow-sorted and harvested

for later use.

The two CHO cells stably expressing and displaying ETaR

and ETaR-GFP were provided by Gmax Biopharm LLC

(Zhangzhou, China).

PCR amplification

PCR for cloning genes was carried out using pyrobest DNA

polymerase (Takara) (94 °C for 3 min; 30× 94 °C for 30 s,

58 °C for 30 s, 72 °C for 3 min; 72 °C for 10 min), while PCR

for antibody gene sequencing was carried out using a high-

fidelity PCR kit (NEB) (98 °C for 3 min; 30× 98 °C for 30 s,

58 °C for 30 s, 72 °C for 3 min; 72 °C for 10 min). The cloned

genes were confirmed by sequencing.

Antibody affinity maturation

To mature antibody affinity, CHO cells that displayed single-

chain or full-length anti-GPCR antibodies were seeded into a

6-well plate. The cells were transfected with 2 μg of pCEP4-

Neo-AID (activation-induced cytidine deaminase) (Chen et al.

2016) and 5 μl of Lipofectamine 2000 for 5 h, washed and

maintained in IMDM containing 10% FBS and HT for 1 day,

then the cells were expanded in IMDM with 10% FBS, HT,

1 mg/ml G418 for 7 days and flow-sorted for cells that

expressed high affinity antibodies.

Antibody gene sequencing

The genomic DNA of the cells was extracted with a genomic

DNA purification system (Promega), and the scFv genes were

PCR amplified using primers scFv-CMV-forward: 5-

CGCAAATGGGCGGTAGGCGTG-3 and scFv-TM-reverse:

5-CTGCGTGTCCTGGCCCACAGC-3, while the full-length

antibody genes were similarly amplified using primers full-

length-forward: 5-TGTGATGACCCAAACTCCGC-3 and

full-length-reverse: 5-TGCTCTTGTCCACGGTTAGC-3.

The products of PCRs were inserted into the T-Vector

(Takara) by TA cloning for sequencing.

Purification of antibodies

The anti-GPCR-full-length variants were produced by co-

expressing of heavy chains and light chains using the

Expi293F transfection systems (Life Technologies). The cells

were harvested 4 days after transfection. The supernatant was

collected and purified with a Pierce Protein A Chromatography

Cartridge (Thermo Fisher Scientific, Waltham, MA, USA). The

anti-GPCR-scFv-Fc antibodies were produced by transfecting

Expi293F with the plasmid and following the above-described

procedure. The anti-GPCR-scFv-His antibodies were similarly

produced using the aforementioned procedure except for utiliz-

ing Ni-NTA columns (Amersham Biosciences) for purification.

GFP and RFP were produced by following the procedure

of Chen et al. (2016).

Flow cytometry

Flow cytometers used for cell analysis and cell sorting in this

study are FACSCalibur (BD), Influx (BD), FACSAria III

(BD), and BriCyte E6 (Mindray, China). The method to sort

cells that express a gene of interest was described in transfec-

tion and stable cell line establishment.

BriCyte E6 was used to analyze the size of the vesicles, and

100 and 200 nm silica beads (Kisker Biotech GmbH & Co

KG, Germany) were used as size references. To analyze the

display level and vesicle-binding ability, anti-GPCR-scFv

displaying cells were incubated with ETaR-expression vesi-

cles (1:10) and APC-conjugated anti-HA antibody (Pierce,

26183, to demonstrate antibody display level on cells) for

30 min at 4 °C, cells were then washed once with opti-

MEM and suspended in cold opti-MEM, and subjected to

flow cytometric analysis. Anti-ETaR full-length displaying

cells were processed and analyzed similarly except that the

antibody display level was revealed with APC-conjugated an-

ti-IgG antibody (BD Pharmingen, 550931, 1:20 in cold opti-

MEM medium) instead of anti-HA antibody.

Since the affinity KD values of the antibodies to the individ-

ual GPCR ETaR on vesicles cannot be measured with SPR

(surface plasmon resonance), the Ki values (different from

KD, but also reflects affinity of an antibody against ETaR) were

calculated from Ki = IC50/(1 + L/Kd) (Brandt et al. 1987; Cer

et al. 2009; Cheng and Prusoff 1973; Nikolovska-Coleska et al.

2004). Kd was calculated using GraphPad PRISM 5.0 program

and a series of antibody concentrations and corresponding fluo-

rescence signals (geometric mean) on ETaR-expressing CHO

cells (dose response curve). IC50 was calculated using

GraphPad PRISM 5.0 program and a series of competing mu-

tant concentration (not conjugated with fluorescent probe) and

corresponding fluorescence signals (geometric mean) on ETaR-

expressing CHO cells (inhibition curve), where the fluorescent

wild-type antibody at the concentration L was added to the

reaction. L was determined according to a dose response curve,

usually somewhere around Kd.

To analyze anti-GPCR-scFv, ETaR-expressing and the nega-

tive control cell samples were incubated with purified antibodies

at concentrations from 1 to 316 nMwith triple dilution increment

for 1 h at 4 °C, then washed once and labeled with FITC-

conjugated anti-His antibody (Abcam, ab1206, 1:500 in cold

opti-MEMmedium) for 30 min at 4 °C. After washing, the cells

were suspended in opti-MEM, and the signals from antibodies

bound to ETaR-expressing cells were quantified using
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FACSAria III. Kd for each clone was determined by fitting the

dose-response curve using GraphPad PRISM 5.0 program.

To acquire IC50 values of different mutant scFv antibodies,

ETaR-expressing and the negative control cell samples were

incubated with mutant antibody (not labeled with fluorescent

probe) at concentrations ranging between 0.01 and 316 nM

with 3-fold dilution increment and FITC-labeled wild-type

anti-GPCR at L concentration (refer to “Results” for selected

L values) for 1 h at 4 °C. After washing with opti-MEM, the

cells were analyzed with FACSAria III for FITC-labeled wild-

type anti-GPCR fluorescent signals (geometric mean) bound

to the cells. IC50 values for different mutant antibodies were

derived by fitting the inhibition curve using GraphPad PRISM

5.0 program.

The Kd and IC50 values for the full-length mutant antibod-

ies were obtained similarly as for mutant single-chain antibod-

ies. The only difference was that PE-conjugated anti-IgG an-

tibody (eBioscience, 12-4998-82) was used to label the full-

length mutant antibodies for generating Kd values.

Results

Interaction of cells displaying antibody
and cell-expressing GPCR

We intended to establish an antibody affinity maturation plat-

form using CHO cells for displaying antibody and vesicles

prepared from CHO cells expressing the GPCR ETaR as

probes. Cells might repel each other because of the negative

charge on their surfaces. In a previous study (patent CN

101948534 B), we found that a protein displayed on human

cells was unable to efficiently interact with its antibody

displayed on the inner membrane surface of E. coli cells with

their outer membrane removed until adjusting the pH of in-

cubation solution significantly lower than the physiological

pH 7.5. Thus, the interaction between the cells displaying

anti-GPCR and the vesicles displaying GPCR might not be

straightforward. To test the feasibility of this platform, we

first examined if the cells displaying the antibody and the

cells expressing ETaR can efficiently interact. GFP was fused

to the C-terminus of ETaR (in cytosol) to trace the cells ex-

pressing ETaR. The CHO cells stably expressing ETaR-GFP

were prepared by enriching the cells highly expressing ETaR-

GFP by flow sorting after transfection with ETaR-GFP and

cultured over 10 days (Fig. 1a, left). We transiently

transfected CHO cells with anti-ETaR antibody; the majority

of the transfected cells positively displayed the antibody (Fig.

1a, right) and the cells were used for the interaction with

ETaR-GFP-expressing cells.

The cells expressing ETaR and the cells displaying anti-

ETaR antibody were mixed at a 1:1 ratio and incubated for

30 min at 4 °C, then labeled the mixed cells with the APC-

conjugated antibody (to emit red fluorescence) against anti-

ETaR antibody and subjected to flow cytometric analysis. A

portion of the ETaR-positive cells interacted with a portion of

the antibody-positive cells (Fig. 1b: rectangle box of the sam-

ple file with both anti-ETaR antibody and ETaR-expressing

cells). The cells displaying anti-PD1 were used as a negative

control and found that only minimal anti-PD1-positive cells

interacted with ETaR-positive cells (Fig. 1b: rectangle box of

the sample file for anti-PD1 positive cells). These results

Fig. 1 Interaction of the cells displaying anti-ETaR antibody and the cells

expressing ETaR. a ETaR-GFP expression in CHO cells stably expressed

ETaR-GFP (ETaR cells) were detected using flow cytometry (antigen

expression, left). CHO cells transfected with anti-ETaR antibody (anti-

ETaR cells) were labeled with anti-human-IgG-APC (1:20) and detected

using flow cytometry (antibody display, right). b ETaR cells were

incubated with anti-ETaR cells and CHO cells expressing PD1 (anti-

PD1 cells) in a 1:1 ratio. The mixed cells were labeled with anti-hu-

man-IgG-APC. Only anti-ETaR cells specifically bound to ETaR cells

while the PD1 cells showed no binding. c ETaR cells were incubated

with anti-ETaR cells in solutions with pH 6.5 and pH 7.5. Antigen bind-

ing and antibody display were detected as mentioned above
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suggest that many ETaR-positive cells interact with anti-

ETaR-positive cells, and the interaction depends on the inter-

action between ETaR and its antibody.We also tested if the pH

of the medium has an influence on the interaction between the

cells displaying the antibody and the GPCR and found almost

no impact of pH on the interaction (Fig. 1c). Thus, we might

be able to prepare small vesicles from the ETaR-expressed

cells to perform the maturation of its antibody.

Vesicles prepared to efficiently monitor the binding
ability of anti-ETaR antibody displayed on CHO cells

Vesicles were prepared by homogenating CHO cells

displaying the ETaR molecules and filtering the homogenated

cells through a membrane with holes of a designated size

(refer to “Materials and methods”). The vesicle size was de-

fined by the pore diameter of filter membrane (Fig. 2a). We

hypothesize that multiple GPCR molecules displayed on the

membrane of each vesicle would lead to very high avidity and

lower the ability to distinguish anti-GPCR antibodies with

different affinities, thus posing a challenge to efficiently ma-

ture the antibody. To alleviate this difficulty, we isolated CHO

cells that expressed the ETaRmolecules at low levels. Ten cell

clones expressing ETaR from the lowest to highest level were

demonstrated here (Fig. 2b). After the vesicles prepared from

these cell clones were tested for binding to the antibody-

expressed CHO cells, we chose clone S-33 to mature the

anti-ETaR antibody (Fig. 2b, c: cycle). The relationship was

not linear but positively correlated (Fig. 2c). S-33 has relative-

ly low ETaR expression but strong enough signal of GFP to be

detectable by flow cytometry for the sorting of high-affinity

antibodies (Fig. S1). Our results confirmed that the vesicles

prepared from the clone S-33 specifically bound to the cells

displaying anti-ETaR antibody, but not to the cells displaying

the irrelevant anti-PD1 antibody (Fig. 2d).

Another factor that controls the GPCR multivalency on

vesicles is the size of the vesicle; the smaller the vesicles,

the lower the number of ETaR molecules. The effects of the

vesicle size on distinguishing the affinities of antibodies to

their antigen were tested using PD1-Fc (program death protein

1) and its affinity-matured clones (our unpublished data) in

combination with its ligand PD-L1. As shown in Fig. 3, the

free PD-L1 molecule easily distinguished the three different

PD1-Fc proteins displayed on CHO cells with about 10-fold

affinity apart (Fig. 3a; SPR tested results, our unpublished

data). However, the vesicles unfiltered and filtered through

200 nm membrane could hardly differentiate these PD1-Fc

proteins displayed on CHO cells. When the size of the vesicle

was reduced to 50 nm, the vesicle was able to discriminate the

wild-type PD1-Fc molecules from the other two, and also

Mut-1 from Mut-2 (Fig. 3b). These results confirm our sup-

position that small-size vesicles are suitable for antibody mat-

uration and large vesicles are not.

Maturation of anti-GPCR antibody

Antibody affinity maturation using CHO cell display can be

performed for either scFv or full-length antibody. We first

carried out the maturation of scFv against ETaR. The antibody

with an HA tag on the C-terminus was inserted into a specific

chromosomal site by gene recombination (refer to “Materials

and methodsS16”). The antibody gene can be highly and sta-

bly expressed for long-term culture without antibiotic pressure

so it is beneficial for highly efficient affinity maturation (Chen

et al. 2016). Before the insertion, the antibody gene was

codon-optimized to maximize the transcription level (refer to

Materials and methods). The transcription level of the targeted

gene is directly proportional to the AID-induced mutation rate

(Bachl et al. 2001; Fukita et al. 1998; Maul and Gearhart

2010). The higher the mutation rate, the more variant antibody

mutants, and the easier it is to obtain clones with high affinity.

When the number of cells with the inserted antibody gene

reached 300,000 in one well of a 6-well plate, an engineered

mouse AID was transfected into them, and the cells prolifer-

ated in medium containing neomycin to maintain the AID

expression plasmid in cells. When cells grew to about 100

million, the cells were collected and labeled with ETaR-

expressed vesicles (50 nm in size) and APC-conjugated anti-

HA antibody. Cells displaying antibodies with the highest

ETaR-vesicle-binding abilities were enriched by flow cytom-

etry sorting (Fig. 4a: square box for sorted cells of the anti-

body display level and vesicle-binding ability). Typically,

3000 cells were collected out of 100 million cells. After the

collected cells grew to about 300,000, another round of mat-

uration was performed as described above. In total, four

rounds of affinity maturation were carried out.

The antibody genes were cloned from the cells after the

4th round of maturation. Thirty out of the 36 sequenced

clones contained 1 or 2 point mutations, and there were 16

different mutants (Table S2). These single-chain variable

fragment mutant antibodies with His-tag at the C-terminus

were synthesized using Expi293F cells (refer to “Materials

and methods”), then tested for their ability for binding to

ETaR-expressed CHO cells. Since we were unable to prepare

individual membrane-free ETaR molecules that process na-

tive conformations, we could not compare KD values of the

wild-type and generated mutant antibodies using SPR and

had to detect the binding of these antibodies to ETaR-

expressed cells to calculate Ki values for their affinity com-

parison (refer to “Materials and methods” for detailed de-

scription). The mutants N28Y and T113A-V64M demon-

strated higher affinities than the wild-type and the other mu-

tants (Fig. 4b and our unpublished data). We combined these

two mutants into the T113A-V64 M-N28Y clone, and this

antibody showed higher ETaR-binding ability than either one

of the original mutants (Fig. 4b). We measured the affinities

(Ki values) of the wild type and mutants by titrating soluble
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Fig. 2 Characterization of the vesicles. a Comparison of the size of the

vesicles (upper) with the standard beads (lower) according to the FSC

(Forward Scattering) parameter detected by flow cytometry (BriCyte E6).

The size of 100-nm-filtered vesicles was similar to the 100-nm beads, and

the size of unfiltered vesicles was about 200 nm. b Single-cell clones with

various GFP fluorescence intensity from CHO cells stably expressing

ETaR-GFP (ETaR cells) were sorted into 96-well plates using

FACSAria III. After 10 days of expansion, the cell clones were detected

by a FACSCalibur flow cytometer for the GFP fluorescence intensity. We

chose these 10 clones expressing ETaR from the lowest to highest level

for further research, and the geometric mean of GFP fluorescence inten-

sity of each clone is shown at the upper right corner of each panel. c We

prepared unfiltered vesicles expressing various levels of ETaR-GFP from

all 11 clones shown in b. One tenth of the vesicles prepared by 3 × 106

ETaR-expressing cells were incubated with 1 × 106 CHO cells displaying

anti-ETaR antibodies (anti-ETaR cells) for 30 min, and the binding activ-

ities were detected using FACSCalibur. Each point represents one cell

clone. The geometric mean of GFP fluorescence intensity of each clone

is shown on the X-axis, which is also shown in b. The binding activities

of the vesicles derived from each cell clone are shown on the Y-axis,

which was determined by the percentage of the anti-ETaR cells binding

with the vesicles. We chose the cell clone S-33 (the dot in the red circle)

from these series of clones for preparing vesicles in our following exper-

iments. d Characterization of the specificity of the vesicles was derived

from the cell clone S-33. We prepared unfiltered vesicles expressing

ETaR-GFP (ETaR, derived from clone S-33) and the vesicles only ex-

pressing GFPwithout ETaR (control) as a negative control. Moreover, we

used two kinds of cells displaying antibodies: CHO cells displaying anti-

ETaR antibodies (anti-ETaR) and CHO cells displaying anti-PD1 anti-

bodies (anti-PD1) as an irrelative control. The vesicles and the cells

displaying the corresponding antibodies were incubated for 30 min and

detected by FACSAria III. The combination of the vesicles and cells are

shown on the top of each panel
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antibodies and quantifying the ETaR cell binding using flow

cytometry (the L in the Ki equation was 150 nM). The Ki

values of the wild type, N28Y, T113A-V64M, and T113A-

V64M-N28Y antibodies were 300.4 nM, 75.1 nM, 83.4 nM,

and 22.12 nM, respectively (Table 1), confirming the results

detected with flow cytometry. Of note, R38Q in scFv form

also had significantly higher binding abilities than the wild

type (Fig. 4b). However, the combination of R38Q with

T113A, with T113A-V64M, and with T113A-V64M-N28Y

led to lower (T113A-R38Q) or undetectable antibody expres-

sion (T113A-V64M-R38Q and T113A-V64M-R38Q-

N28Y), and we only obtained enough protein of T113A-

R38Q for affinity analysis among these three mutants. The

binding ability of T113A-R38Q scFv-His was not better than

R38Q (Fig. 4b), indicating that R38Q is incompatible with

T113A-V64M and T113A-V64 M-N28Y in contribution to

affinity improvement.

We also synthesized these antibodies (wild type and mutant

bearing T113A-V64M-N28Y) in the forms of scFv-Fc and

full length to examine if the increased affinities derived from

the above-described mutant scFv-His are also manifested in

double-valent full length and scFv-Fc. As expected, the Ki for

the full-length wild-type antibody (31.3 nM) was about 10

times smaller than the wild-type scFv-His (300.4 nM).

However, the Ki for the T113A-V64M-N28Y mutant full-

length antibody (15.6 nM) was rather close to that of its mu-

tant scFv-His (22.1 nM). This result was also reflected in flow

cytometric files (Fig. 4c). The Ki values for the wild-type and

mutant scFv-Fc (250.6 and 40.2 nM, respectively) were not

much different from those of the scFv-His (300.4 and

22.1 nM, respectively), and the similar result was also shown

in Fig. 4d. These results suggest that the conformations of

independent light and heavy variable domains in full-length

form and linked light and heavy variable domains in scFv-His

and scFv-Fc forms are not exactly the same and may confer

different affinities. Thus, the mutants obtained from maturat-

ing scFv do not necessarily result in the full-length antibodies

with expected higher affinities.

Fig. 3 Effects of the size of the

vesicles to distinguish proteins

with different affinity. a CHO

cells, which displayed various

PD1-Fc proteins with different

affinity (WT, Mut-1 and Mut-2),

were incubated with soluble PD-

L1 proteins for 30 min and then

labeled with PE-conjugated anti-

His (miltenyi, 130–120-787,

1:300). Affinity analysis per-

formed by flow cytometry

showed that the soluble PD-L1

proteins easily differentiated these

three PD1-Fc proteins with an af-

finity of 10-fold apart. b CHO

cells expressing PD1-Fc proteins

as shown in a were incubated

with 50 nm vesicles, 200 nm

vesicles, and unfiltered vesicles

prepared from Expi293F cells

transiently transfected with PD-

L1-GFP for 30 min. Only 50 nm

vesicles could distinguish PD1-Fc

proteins with different affinities
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We wondered if antibody maturation in full length would

generate full-length antibodies with higher affinities.Wematured

the affinity of a full-length antibody following the same proce-

dure described above (Fig. 5a: square box for sorted cells of the

antibody display level and vesicle-binding ability). The enriched

cells of the third round of maturation contained two separated

subpopulations. One subpopulation has a higher display and

ETaR-binding ability, and the cells after the fourth round of mat-

uration consisted of only this subpopulation. The full-length an-

tibody genes were cloned from the cells after the fourth round of

maturation, 42 out of the 45 sequenced clones contained 1 or 2

point mutations, and there were 18 different mutants (Table S3).

Fig. 4 Affinitymaturation of single-chain antibodies against ETaR. a The

single-chain antibody display levels and their vesicle-binding abilities of

the sorted cells of each round of maturation with 50 nm ETaR-expressing

vesicles. The gates used for quantitative population analysis are shown. b

Analysis of antigen-binding abilities of anti-ETaR antibodies in their

scFv-His format by flow cytometry. The cells expressing ETaR-GFP

(antigen) were incubated with purified single-chain antibodies with indi-

cated mutation (labeled on the top of each panel) for 30 min and then

labeled with anti-his-PE antibody. The mutant T113A-V64M-N28Y

demonstrated the highest affinity compared with the wild-type (WT)

antibody. c Analysis of antigen-binding abilities of mutant T113A-

V64M-N28Y in full-length format. After purifying the full-length anti-

body of WT and the mutant (T113A-V64M-N28Y), we incubated these

two purified antibodies with the cells expressing ETaR-GFPmentioned in

b for 30 min and then labeled with PE-conjugated anti-IgG antibody

(eBioscience, 12-4998-82, 1:400). d Analysis of antigen-binding ability

of mutant T113A-V64M-N28Y in scFv-Fc format. The flow cytometric

measurements were performed similar to c after we purified the scFv-Fc

fusion proteins of WT and the mutant (T113A-V64M-N28Y)
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We measured the affinities of the wild type and mu-

tants of the full-length antibody in the same procedure as

described above (the L in the Ki equation was 13 nM).

The affinities of the wild type, D73H, S115N-S30R, and

S115N-S30R-D73H antibodies were 31.3 nM, 15.65 nM,

10.17 nM, and 6.2 nM respectively (Table 2). We were

surprised to find that when combined, the mutants S115N-

S30R-D73H and T113A-V64M-N28Y in their full-length

form, the affinity did not improve at all (Fig. 5b).

Results from Tables 1 and 2 as well as Figs. 4, 5, and 6

indicate that antibody mutants with the highest affinities were

not the most enriched and that the most point mutations from

scFv-His and full-length antibodies were not the same.

Discussion

In this study, we established a platform to mature the affinity

of an antibody against the natively conformed GPCR (ETaR)

displayed on the vesicles prepared from cells expressing the

GPCR. We carried out the maturation in both scFv and full-

length forms and successfully increased the affinity of this

antibody (Figs. 4 and 5). This method can be used for affinity

maturation of both antibodies against GPCRs and all the other

membrane proteins difficult to express without membranes.

GPCR is one of the most important therapeutic drug targets

(Hutchings et al. 2017). One of the reasons for scarcity of

GPCR antibody drugs is that it is difficult to perform affinity

maturation of the selected functional antibodies, which is of-

ten required for eventual success in developing therapeutic

GPCR-targeting antibodies (Carlin et al. 1999; Maynard

et al. 2002; Putnam et al. 2008; Wu et al. 2007). To solve

the problem, we combined CHO cell antibody display and

vesicle-displaying GPCR to mature the affinity. One underly-

ing reason for our success may be the sufficient difference

between the sizes of CHO cells (10,000 nm) and vesicles

(50 nm). Yeast display was previously used to mature the

affinity of an scFv against the transmembrane protein trans-

ferrin receptor (Cho and Shusta 2010), in which detergent-

solubilized transferrin receptor was used as a probe to enrich

Fig. 5 Affinity maturation of full-length antibody against ETaR. a The

full-length antibody display levels and their antigen-binding abilities of

the sorted cells of each round of maturation with 50 nm ETaR-expressing

vesicles. The gates used for quantitative population analysis are shown. b

Analysis of antigen-binding abilities of the screened mutants in their full-

length format. The assays were made on cells stably expressing ETaR-

GFP. The antigen-expressing cells were incubated with purified mutant

antibodies for 30min and then labeled with anti-human-IgG-PE antibody.

The mutant S115N-S30R-D73H demonstrated the highest affinity com-

pared with the wild-type (WT) antibody. We combined these three muta-

tions (S115N-S30R-D73H) with the three mutations (T113A-V64M-

N28Y) screened from the maturation of scFv. However, the mutant with

these six mutations demonstrated no improvement in affinity compared

with the mutant with three (S115N-S30R-D73H) mutations

Table 1 Kinetic parameters for binding of the ETaR-expression cells to

purified scFv-His by flow cytometry

Antibody Kd (nM) IC50 (nM) Ki (nM)

WT 168.7 568.1 300.4

N28Y 83.46 210.1 75.10

T113A-V64M 87.01 227.2 83.40

T113A-V64M-N28Y 22.40 170.4 22.12
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the yeast cells with high binding abilities to the probe.

However, detergent solubilization often alters the functional

conformation of a GPCR; thus, this method is not always

possible to mature an antibody against a specific functional

conformation (Geppetti et al. 2015; Hansen et al. 2018; Hotzel

et al. 2011). The average sizes of budding yeast and CHO cells

are 4000 nm and 10,000 nm respectively, and the difference of

their average surface areas is 5.76-fold. Therefore, an affinity

maturation by combining yeast display and small vesicle

probes could be more challenging, but is worth a trial.

It is intuitive to infer that the most enriched antibody clones

using our current maturation system are those with the highest

affinities. This is true when maturing the affinity of a scFv

against an antigen not displayed on vesicles. In one of our pre-

vious work to mature antibodies against TNFα, mutants

enriched more significantly with each round of maturation

(Chen et al. 2016). There were only two mutant clones which

were highly enriched after the last round of maturation, and the

two clones have higher affinities than any other clones that

appeared in the earlier rounds of maturation (Chen et al.

2016). Several other studies also suggested that mutants with

the highest affinity are those with the highest enrichment (our

unpublished data). However, this is not the case when vesicle-

bound GPCR was used, in which many mutant clones existed

after the last round of maturation (Tables S2 and S3). The most

enriched scFv mutants (S75N, A58T, and Q50H-S12T) had

affinities equivalent to or slightly higher than the wild-type an-

tibody, while the clones with the highest affinities were not the

most highly enriched (Figs. 6 and 7). Obviously, membrane-

bound antigen probes are different from free-antigen probes in

affinity maturation. It warrants further investigation on the un-

derlying causes and improvement on the procedure.

When we converted the affinity-improved scFv mutants to

full-length antibodies, their affinities (inhibition constants)

were not much improved compared to the wild type full-

length antibody. The affinity of the best clone (T113A-

V64M-N28Y) was only 2-fold of that of the wild-type full-

length antibody although the affinity of the same clone in scFv

format was greater than 10-fold of the wild-type clone.

Similarly in several reported studies, little affinity improve-

ment or even affinity decrease happens when free protein an-

tigens are used for maturing scFv (Muzard et al. 2009; Skrlj

et al. 2010). Therefore, in our study, we directly evolved full-

length IgG. The best full-length antibody mutant S115N-

D73H-S30R had an affinity 5.05-fold of that of the wild type,

a better result than that by maturing scFv followed by

converting to full-length IgG (2.01-fold of that of the wild

type). In addition, we gathered all the point mutations from

scFv maturation (T113A, V64M and N28Y) and from full-

length antibody maturation (S115N, D73H, and S30R).

However, we found that the full-length antibody clone con-

taining the 6 point mutations did not demonstrate stronger

antigen-binding ability than the clone S115N-D73H-S30R,

suggesting that the mutations from the maturation of scFv

and full-length antibody are not additive in this case.

One difficulty we encountered in developing the current mat-

uration procedure was multiple GPCR molecules on vesicles.

When antibodies displayed on cells bind to multiple antigens, it

results in a significant increase in apparent affinity (avidity)

(Deng et al. 1995; Griffiths et al. 1993; Holliger et al. 1993;

Fig. 6 The distribution of mutants derived from affinity maturation in

scFv and full-length antibody forms. Hot spot mutants were compiled

from the sequences of randomly selected scFv clones (a) and full-length

antibody clones (b), respectively

Table 2 Kinetic parameters for binding of the ETaR-expression cells to

purified full-length antibodies by flow cytometry

Antibody Kd (nM) IC50 (nM) Ki (nM)

WT 21.52 50.07 31.30

D73H 13.62 30.59 15.65

S115N-S30R 10.85 22.38 10.17

S115N-S30R-D73H 8.266 16.03 6.20
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Kortt et al. 1994; Whitlow et al. 1994). Reduction of the vesicle

size and number of GPCR molecules per vesicle can decrease

the avidity and increase the ability to monitor the different af-

finities of different antibody clones displayed on cells.

Due to the multiple GPCR molecules on the vesicles, the

GPCR-displaying vesicles showed apparent low sensitivity

inevitably in distinguishing different affinity antibodies com-

pared with soluble protein antigens. This was clearly demon-

strated when three different sizes (50, 200, and unfiltered) of

vesicles were used to monitor the difference of the three PD1-

Fc mutants with 10-fold affinity apart (Fig. 3). It can hardly

distinguish these three PD1-Fc mutants when 200 nm or un-

filtered vesicles were used; thus, it would be impossible to use

the large-sized vesicles to perform the affinity maturation. In

this study, we used 50 nm size vesicle for affinity maturation

of anti-ETaR antibody, which showed higher sensitivity. In

order to maintain the correct conformation of antigen mole-

cules in vesicles, the size of the vesicles cannot be below

30 nm (Wan et al. 2017). The size of a full-length antibody

is about 10 nm. It is worthwhile to test whether the 30 nm

vesicle would work, and we may establish a more efficient

antibody evolution system against GPCRs. Although the

smaller vesicles confer better sensitivity to distinguish differ-

ent cells displaying binders with different affinities to ligand

(Fig. 3b), considering that the increased curvature of the mem-

brane surface of small vesicles could affect conformation of

the membrane protein antigen, the best size of vesicles for

each antigen should be found out before performing the for-

mal maturation procedure. One of the criteria that can be used

to show that the GPCRs on small vesicles are not functionally

compromised is to test if these GPCRs can be phosphorylated

in response to the addition of their corresponding ligands

(Prihandoko et al. 2015).

Considering the effect of the number of GPCR molecules

per vesicle on the maturation efficiency, we chose to use a

vesicle displaying a low but sufficient number of GPCR mol-

ecules which can just be detected when starting the maturation

process (refer to the sort 0 file in Fig. 4). It is possible that even

a lower number of GPCR molecules per vesicle can be used

and may offer a better sensitivity to monitor a small affinity

difference between antibody mutants. However, this will not

be feasible to label vesicles by GPCR-GFP fusion protein

because the signal of a very few number of GPCR-GFP per

vesicle will be too weak for detection. To overcome this prob-

lem, we tested whether fluorescence protein and a small mol-

ecule dye could be directly added into the vesicles being pre-

pared instead of preparing cell clones expressing GPCR-

fluorescence protein. GFP or RFP synthesized in E. coli was

Fig. 7 The distribution of amino

acid mutants in antibodies derived

from four rounds of evolution.

The red letters represent the

amino acids that contribute to the

increase of affinity
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purified and added to the ETaR-expressed CHO cells in sus-

pension buffer before being homogenated to form vesicles.

The unfiltered vesicles were incubated with the negative con-

trol CHO cells and the CHO cells displaying anti-ETaR anti-

body. Clearly, vesicles containing GFP or RFP specifically

bound to the antibody-displayed cells, but only few vesicles

bound to the negative cells (Fig. S2). We also tested if FITC

can be added into vesicles as for fluorescence proteins, and we

found that a few cells were much brighter than the majority of

cells regardless that there were negative or antibody-displayed

cells (our unpublished data), making affinity maturation im-

possible. It will be worthwhile to test other small fluorescence

molecules for this purpose in the future. In conclusion, free

fluorescence protein in high concentration can be wrapped

inside the vesicles to provide strong enough signals for anti-

body affinity maturation. It warrants trying this strategy to

prepare vesicles to improve the efficiency of the platform.

Acknowledgments We would like to thank Kevin Hopkins (Center for

Radiological Research, Columbia University) for revising this manuscript

and Junying Jia and Shuang Sun (Institute of Biophysics, Chinese

Academy of Sciences) for their technical assistance in flow cytometry

analysis and sorting.

Funding information This work was supported by the Development of

Ministry of Science and Technology under grants (2014CB910402), the

National Natural Science Foundation of China under grants (No.

31870923), the National Key R&D Program of China under grants

(2017YFF0205404), and the Beijing Science and Technology Project

under grants (Z181100003818023).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of

interest.

Ethical approval This article does not contain any studies with human

participants performed by any of the authors.

Open Access This article is distributed under the terms of the Creative

Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /

creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a link

to the Creative Commons license, and indicate if changes were made.

References

Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman JL,

Spedding M, Peters JA, Harmar AJ (2013) The concise guide to

pharmacology 2013/14: G protein-coupled receptors. Br J

Pharmacol 170(8):1459–1581. https://doi.org/10.1111/bph.12445

Bachl J, Carlson C, Grayschopfer V, Dessing MC, Olsson C (2001)

Increased transcription levels induce higher mutation rates in a

hypermutating cell line. J Immunol 166(8):5051–5057. https://doi.

org/10.4049/jimmunol.166.8.5051

Barton M (2000) Endothelial dysfunction and atherosclerosis: endothelin

receptor antagonists as novel therapeutics. Curr Hypertens Rep 2(1):

84–91. https://doi.org/10.1007/s11906-000-0064-5

Boder ET, Wittrup KD (1997) Yeast surface display for screening com-

binatorial polypeptide libraries. Nat Biotechnol 15(6):553–557.

https://doi.org/10.1038/nbt0697-553

Brandt RB, Laux JE, Yates SW (1987) Calculation of inhibitor Ki and

inhibitor type from the concentration of inhibitor for 50% inhibition

for Michaelis―Menten enzymes. Biochem Med Metab Biol 37(3):

344–349. https://doi.org/10.1016/0885-4505(87)90046-6

Carlin D, Pfarr DS, Young JF, Woods R, Koenig S, Johnson S, Prince

GA, Doyle ML, Griego SD, Dillon SB (1999) A direct comparison

of the activities of two humanized respiratory syncytial virus mono-

clonal antibodies: MEDI-493 and RSHZl9. J Infect Dis 180(1):35–

40. https://doi.org/10.1086/314846

Casserly B, Klinger JR (2008) Ambrisentan for the treatment of pulmo-

nary arterial hypertension. Drug Des Devel Ther 2:265–280. https://

doi.org/10.2147/DDDT.S3057

Cer RZ, Mudunuri U, Stephens RM, Lebeda FJ (2009) IC50-to-Ki: a

web-based tool for converting IC50 to Ki values for inhibitors of

enzyme activity and ligand binding. Nucleic Acids Res 37:441–445.

https://doi.org/10.1093/nar/gkp253

Chen S, Qiu J, Chen C, Liu C, Liu Y, An L, Jia J, Tang J, Wu L, Hang H

(2012) Affinity maturation of anti-TNF-alpha scFv with somatic

hypermutation in non-B cells. Protein Cell 3(6):460–469. https://

doi.org/10.1007/s13238-012-2024-7

Chen C, Li N, Zhao Y, Hang H (2016) Coupling recombinase-mediated

cassette exchange with somatic hypermutation for antibody affinity

maturation in CHO cells. Biotechnol Bioeng 113(1):39–51. https://

doi.org/10.1002/bit.25541

Cheng Y, Prusoff WH (1973) Relationship between the inhibition con-

stant (K1) and the concentration of inhibitor which causes 50 per

cent inhibition (I50) of an enzymatic reaction. Biochem Pharmacol

22(23):3099–3108. https://doi.org/10.1016/0006-2952(73)90196-2

Cho YK, Shusta EV (2010) Antibody library screens using detergent-

solubilized mammalian cell lysates as antigen sources. Protein Eng

Des Sel 23(7):567–577. https://doi.org/10.1093/protein/gzq029

Conn PM, Ulloaaguirre A, Ito J, Janovick JA (2007) G protein-coupled

receptor trafficking in health and disease: lessons learned to prepare

for therapeutic mutant rescue in vivo. Pharmacol Rev 59(3):225–

250. https://doi.org/10.1124/pr.59.3.2

De Bruin R, Spelt K, Mol JNM, Koes R, Quattrocchio F (1999) Selection

of high-affinity phage antibodies from phage display libraries. Nat

Biotechnol 17(4):397–399. https://doi.org/10.1038/7959

Deng S, Mackenzie CR, Hirama T, Brousseau R, Lowary TL, Young

NM, Bundle DR, Narang SA (1995) Basis for selection of improved

carbohydrate-binding single-chain antibodies from synthetic gene

libraries. Proc Natl Acad Sci U S A 92(11):4992–4996. https://doi.

org/10.1073/pnas.92.11.4992

Feldhaus M, Siegel RW, Opresko LK, Coleman JR, Feldhaus JMW,

Yeung YA, Cochran JR, Heinzelman P, Colby DW, Swers JS

(2003) Flow-cytometric isolation of human antibodies from a non-

immune Saccharomyces cerevisiae surface display library. Nat

Biotechnol 21(2):163–170. https://doi.org/10.1038/nbt785

Francisco JA, Georgiou G (2006) The expression of recombinant proteins

on the external surface of Escherichia coli. Ann N Y Acad Sci

745(1):372–382. https://doi.org/10.1111/j.1749-6632.1994.

tb44389.x

Fukita Y, Jacobs H, Rajewsky K (1998) Somatic hypermutation in the

heavy chain locus correlates with transcription. Immunity 9(1):105–

114. https://doi.org/10.1016/S1074-7613(00)80592-0

Geppetti P, Veldhuis NA, Lieu T, Bunnett NW (2015) G protein-coupled

receptors: dynamic machines for signaling pain and itch. Neuron

88(4):635–649. https://doi.org/10.1016/j.neuron.2015.11.001

Appl Microbiol Biotechnol (2019) 103:7703–7717 7715

https://doi.org/10.1111/bph.12445
https://doi.org/10.4049/jimmunol.166.8.5051
https://doi.org/10.4049/jimmunol.166.8.5051
https://doi.org/10.1007/s11906-000-0064-5
https://doi.org/10.1038/nbt0697-553
https://doi.org/10.1016/0885-4505(87)90046-6
https://doi.org/10.1086/314846
https://doi.org/10.2147/DDDT.S3057
https://doi.org/10.2147/DDDT.S3057
https://doi.org/10.1093/nar/gkp253
https://doi.org/10.1007/s13238-012-2024-7
https://doi.org/10.1007/s13238-012-2024-7
https://doi.org/10.1002/bit.25541
https://doi.org/10.1002/bit.25541
https://doi.org/10.1016/0006-2952(73)90196-2
https://doi.org/10.1093/protein/gzq029
https://doi.org/10.1124/pr.59.3.2
https://doi.org/10.1038/7959
https://doi.org/10.1073/pnas.92.11.4992
https://doi.org/10.1073/pnas.92.11.4992
https://doi.org/10.1038/nbt785
https://doi.org/10.1111/j.1749-6632.1994.tb44389.x
https://doi.org/10.1111/j.1749-6632.1994.tb44389.x
https://doi.org/10.1016/S1074-7613(00)80592-0
https://doi.org/10.1016/j.neuron.2015.11.001


Goldberg SW, Silberstein SD (2015) Targeting CGRP: a new era for

migraine treatment. CNS Drugs 29(6):443–452. https://doi.org/10.

1007/s40263-015-0253-z

Griffiths AD, Malmqvist M, Marks JD, Bye JM, Embleton MJ,

Mccafferty J, Baier M, Holliger K, Gorick BD, Hughesjones NC

(1993) Human anti-self antibodies with high specificity from phage

display libraries. EMBO J 12(2):725–734. https://doi.org/10.1002/j.

1460-2075.1993.tb05706.x

Hagemann UB, Gunnarsson L, Géraudie S, Scheffler U, Griep RA,

Reiersen H, Duncan AR, Kiprijanov SM (2014) Fully human antag-

onistic antibodies against CCR4 potently inhibit cell signaling and

chemotaxis. PLoS One 9(7):e103776–e103776. https://doi.org/10.

1371/journal.pone.0103776

Haiying H, Beiyuan F, Zhiyi Z (1990) Studies on relationship between

Na, K-ATPase activity and sperm capacitation in guinea pig. Sci

China Chem 33(11):1304–1310. https://doi.org/10.1360/yb1990-

33-11-1304

Hansen DT, Craciunescu FM, Fromme P, Johnston SA, Sykes KF (2018)

Generation of high-specificity antibodies against membrane proteins

using DNA-gold micronanoplexes for gene gun immunization. Curr

Protoc Protein Sci 91(1):29.20.1–29.20.22. https://doi.org/10.1002/

cpps.50

Hartman JCHC, Brouwer KB, Mandagere AM, Melvin LM, Gorczynski

RG (2010) Evaluation of the endothelin receptor antagonists

ambrisentan, darusentan, bosentan, and sitaxsentan as substrates

and inhibitors of hepatobiliary transporters in sandwich-cultured hu-

man hepatocytes. Can J Physiol Pharmacol 88(6):682–691. https://

doi.org/10.1139/Y10-060

Hauser AS, Attwood MM, Raskandersen M, Schioth HB, Gloriam DE

(2017) Trends in GPCR drug discovery: new agents, targets and

indications. Nat Rev Drug Discov 16(12):829–842. https://doi.org/

10.1038/nrd.2017.178

Hauser AS, Chavali S, Masuho I, Jahn LJ, Martemyanov KA, Gloriam

DE, Babu MM (2018) Pharmacogenomics of GPCR drug targets.

Cell 172(1):41–54. https://doi.org/10.1016/j.cell.2017.11.033

Hillier C, Berry C, Petrie MC, Odwyer PJ, Hamilton CA, Brown A,

Mcmurray JJV (2001) Effects of urotensin II in human arteries and

veins of varying caliber. Circulation 103(10):1378–1381. https://doi.

org/10.1161/01.CIR.103.10.1378

Holliger P, Prospero T, Winter G (1993) “Diabodies”: small bivalent and

bispecific antibody fragments. Proc Natl Acad Sci U S A 90(14):

6444–6448. https://doi.org/10.1073/pnas.90.14.6444

Hotzel I, Chiang V, Diao J, Pantua H, Maun HR, Kapadia SB (2011)

Efficient production of antibodies against a mammalian integral

membrane protein by phage display. Protein Eng Des Sel 24(9):

679–689. https://doi.org/10.1093/protein/gzr039

Huse WD, Stinchcombe TJ, Glaser SM, Starr L, Maclean M, Hellstrom

KE, Hellstrom I, Yelton D (1992) Application of a filamentous

phage pVIII fusion protein system suitable for efficient production,

screening, and mutagenesis of F(ab) antibody fragments. J Immunol

149(12):3914–3920

Hutchings CJ, Koglin M, Marshall FH (2010) Therapeutic antibodies

directed at G protein-coupled receptors. mAbs 2(6):594–606.

https://doi.org/10.4161/mabs.2.6.13420

Hutchings CJ, Koglin M, Olson WC, Marshall FH (2017) Opportunities

for therapeutic antibodies directed at G-protein-coupled receptors.

Nat Rev Drug Discov 16(11):787–810. https://doi.org/10.1038/nrd.

2017.91

Jo M, Jung ST (2016) Engineering therapeutic antibodies targeting G-

protein-coupled receptors. ExpMolMed 48(2):e207. https://doi.org/

10.1038/emm.2015.105

Kortt AA, Malby RL, Caldwell JB, Gruen LC, Ivancic N, Lawrence MC,

Howlett GJ, Webster RG, Hudson PJ, Colman PM (1994)

Recombinant anti-sialidase single-chain variable fragment antibody.

Eur J Biochem 221(1):151–157. https://doi.org/10.1111/j.1432-

1033.1994.tb18724.x

Krebs B, Rauchenberger R, Reiffert S, Rothe C, Tesar M, Thomassen E,

Cao M, Dreier T, Fischer D, Hos A (2001) High-throughput gener-

ation and engineering of recombinant human antibodies. J Immunol

Methods 254(1):67–84. https://doi.org/10.1016/S0022-1759(01)

00398-2

Lipes BD, Chen YH, Ma H, Staats HF, Kenan DJ, Gunn MD (2008) An

entirely cell-based system to generate single-chain antibodies

against cell surface receptors. J Mol Biol 379(2):261–272. https://

doi.org/10.1016/j.jmb.2008.03.072

Makabe K, Nakanishi T, Tsumoto K, Tanaka Y, Kondo H, Umetsu M,

Sone Y, Asano R, Kumagai I (2008) Thermodynamic consequences

of mutations in vernier zone residues of a humanized anti-human

epidermal growth factor receptor murine antibody, 528. J Biol Chem

283(2):1156–1166. https://doi.org/10.1074/jbc.M706190200

Maneenil G, Thatrimontrichai A, Janjindamai W, Dissaneevate S (2017)

Effect of bosentan therapy in persistent pulmonary hypertension of

the newborn. Pediatr Neonatol 59(1):58–64. https://doi.org/10.

1016/j.pedneo.2017.02.003

Maul RW, Gearhart PJ (2010) AID and somatic hypermutation. Adv

Immunol 105:159–191. https://doi.org/10.1016/S0065-2776(10)

05006-6

Maynard JA, Maassen CBM, Leppla SH, Brasky KM, Patterson JL,

Iverson BL, Georgiou G (2002) Protection against anthrax toxin

by recombinant antibody fragments correlates with antigen af-

finity. Nat Biotechnol 20(6):597–601. https://doi.org/10.1038/

nbt0602-597

Mazor Y, Van Blarcom T, Iverson BL, Georgiou G (2009) Isolation of

full-length igg antibodies from combinatorial libraries expressed in

Escherichia coli. Methods Mol Biol 525:217–239. https://doi.org/

10.1007/978-1-59745-554-1_11

Muzard J, Bouabdelli M, Zahid M, Ollivier V, Lacapere JJ, Jandrotperrus

M, Billiald P (2009) Design and humanization of a murine scFv that

blocks human platelet glycoprotein VI in vitro. FEBS J 276(15):

4207–4222. https://doi.org/10.1111/j.1742-4658.2009.07129.x

Nikolovska-Coleska Z, Wang R, Fang X, Pan H, Tomita Y, Li P, Roller

PP, Krajewski K, Saito NG, Stuckey JA, Wang S (2004)

Development and optimization of a binding assay for the XIAP

BIR3 domain using fluorescence polarization. Anal Biochem

332(2):261–273. https://doi.org/10.1016/j.ab.2004.05.055

Okamoto T, Koda M, Miyoshi K, Onoyama T, Kishina M, Matono T,

Sugihara T, Hosho K, Okano J, Isomoto H (2016) Antifibrotic ef-

fects of ambrisentan,an endothelin-A receptor antagonist,in a non-

alcoholic steatohepatitis mouse model. World J Hepatol 8(22):933–

941. https://doi.org/10.4254/wjh.v8.i22.933

Prihandoko R, Bradley SJ, Tobin AB, Butcher AJ (2015) Determination

of GPCR phosphorylation status: establishing a phosphorylation

barcode. Curr Protoc Pharmacol 69(1):2.13.1–2.13.26. https://doi.

org/10.1002/0471141755.ph0213s69

Putnam WS, Li J, Haggstrom J, Ng C, Kadkhodayanfischer S, Cheu M,

Deniz Y, Lowman HB, Fielder PJ, Visich J (2008) Use of quantita-

tive pharmacology in the development of HAE1, a high-affinity

anti-IgE monoclonal antibody. AAPS J 10(2):425–430. https://doi.

org/10.1208/s12248-008-9045-4

Qiu JK, Jung ST, Georgiou G, Hang H (2010) Enrichment of Escherichia

coli spheroplasts displaying scFv antibodies specific for antigens

expressed on the human cell surface. Appl Microbiol Biotechnol

88(6):1385–1391. https://doi.org/10.1007/s00253-010-2861-3

Raskandersen M, Almen MS, Schioth HB (2011) Trends in the exploita-

tion of novel drug targets. Nat Rev Drug Discov 10(8):579–590.

https://doi.org/10.1038/nrd3478

Raskandersen M, Masuram S, Schioth HB (2014) The druggable ge-

nome: evaluation of drug targets in clinical trials suggests major

shifts in molecular class and indication. Annu Rev Pharmacol

Toxicol 54(1):9–26. https://doi.org/10.1146/annurev-pharmtox-

011613-135943

7716 Appl Microbiol Biotechnol (2019) 103:7703–7717

https://doi.org/10.1007/s40263-015-0253-z
https://doi.org/10.1007/s40263-015-0253-z
https://doi.org/10.1002/j.1460-2075.1993.tb05706.x
https://doi.org/10.1002/j.1460-2075.1993.tb05706.x
https://doi.org/10.1371/journal.pone.0103776
https://doi.org/10.1371/journal.pone.0103776
https://doi.org/10.1360/yb1990-33-11-1304
https://doi.org/10.1360/yb1990-33-11-1304
https://doi.org/10.1002/cpps.50
https://doi.org/10.1002/cpps.50
https://doi.org/10.1139/Y10-060
https://doi.org/10.1139/Y10-060
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1016/j.cell.2017.11.033
https://doi.org/10.1161/01.CIR.103.10.1378
https://doi.org/10.1161/01.CIR.103.10.1378
https://doi.org/10.1073/pnas.90.14.6444
https://doi.org/10.1093/protein/gzr039
https://doi.org/10.4161/mabs.2.6.13420
https://doi.org/10.1038/nrd.2017.91
https://doi.org/10.1038/nrd.2017.91
https://doi.org/10.1038/emm.2015.105
https://doi.org/10.1038/emm.2015.105
https://doi.org/10.1111/j.1432-1033.1994.tb18724.x
https://doi.org/10.1111/j.1432-1033.1994.tb18724.x
https://doi.org/10.1016/S0022-1759(01)00398-2
https://doi.org/10.1016/S0022-1759(01)00398-2
https://doi.org/10.1016/j.jmb.2008.03.072
https://doi.org/10.1016/j.jmb.2008.03.072
https://doi.org/10.1074/jbc.M706190200
https://doi.org/10.1016/j.pedneo.2017.02.003
https://doi.org/10.1016/j.pedneo.2017.02.003
https://doi.org/10.1016/S0065-2776(10)05006-6
https://doi.org/10.1016/S0065-2776(10)05006-6
https://doi.org/10.1038/nbt0602-597
https://doi.org/10.1038/nbt0602-597
https://doi.org/10.1007/978-1-59745-554-1_11
https://doi.org/10.1007/978-1-59745-554-1_11
https://doi.org/10.1111/j.1742-4658.2009.07129.x
https://doi.org/10.1016/j.ab.2004.05.055
https://doi.org/10.4254/wjh.v8.i22.933
https://doi.org/10.1002/0471141755.ph0213s69
https://doi.org/10.1002/0471141755.ph0213s69
https://doi.org/10.1208/s12248-008-9045-4
https://doi.org/10.1208/s12248-008-9045-4
https://doi.org/10.1007/s00253-010-2861-3
https://doi.org/10.1038/nrd3478
https://doi.org/10.1146/annurev-pharmtox-011613-135943
https://doi.org/10.1146/annurev-pharmtox-011613-135943


Santos R, Ursu O, Gaulton A, Bento AP, Donadi RS, Bologa CG,

Karlsson A, Allazikani B, Hersey A, Oprea TI (2017) A compre-

hensive map of molecular drug targets. Nat Rev Drug Discov 16(1):

19–34. https://doi.org/10.1038/nrd.2016.230

Schlapschy M, Gruber H, Gresch O, Schafer C, Renner C, Pfreundschuh

M, Skerra A (2005) Functional humanization of an anti-CD30 Fab

fragment for the immunotherapy of Hodgkin’s lymphoma using an

in vitro evolution approach. Protein Eng Des Sel 17(12):847–860.

https://doi.org/10.1093/protein/gzh098

Schlapschy M, Fogarasi M, Gruber H, Gresch O, Schäfer C, Aguib Y,

Skerra A (2008) Functional humanization of an anti-CD16 Fab

fragment: obstacles of switching from murine λ to human λ or κ

light chains. Protein Eng Des Sel 22(3):175–188. https://doi.org/10.

1093/protein/gzn066

Schrama D, Reisfeld RA, Becker JC (2006) Antibody targeted drugs as

cancer therapeutics. Nat Rev Drug Discov 5(2):147–159. https://doi.

org/10.1038/nrd1957

Skrlj N, Serbec VC, Dolinar M (2010) Single-chain Fv antibody frag-

ments retain binding properties of the monoclonal antibody raised

against peptide P1 of the human prion protein. Appl Biochem

Biotechnol 160(6):1808–1821. https://doi.org/10.1007/s12010-

009-8699-4

Smith GP (1985) Filamentous fusion phage: novel expression vectors that

display cloned antigens on the virion surface. Science 228(4705):

1315–1317. https://doi.org/10.1126/science.4001944

Subramaniam JM, Whiteside G, McKeage K, Croxtall JC (2012)

Mogamulizumab. Drugs 72(9):1293–1298. https://doi.org/10.

2165/11631090-000000000-00000

Tillotson BJ, Lajoie JM, Shusta EV (2015) Yeast display-based anti-

body affinity maturation using detergent-solubilized cell lysates.

Methods Mol Biol 1319:65–78. https://doi.org/10.1007/978-1-

4939-2748-7_4

Verhoeyen M, Milstein C, Winter G (1988) Reshaping human antibodies

grafting an antilysozyme activity. Science 239(4847):1534–1536.

https://doi.org/10.1126/science.2451287

Wan Y, Cheng G, Liu X, Hao SJ, NisicM, Zhu CD, Xia YQ, Li W,Wang

Z, Zhang WL (2017) Rapid magnetic isolation of extracellular ves-

icles via lipid-based nanoprobes. Nat Biomed Eng 1(4):0058.

https://doi.org/10.1038/s41551-017-0058

Whitlow M, Filpula D, Rollence ML, Feng S, Wood JF (1994)

Multivalent Fvs: characterization of single-chain Fv oligomers and

preparation of a bispecific Fv. Protein Eng 7(8):1017–1026. https://

doi.org/10.1093/protein/7.8.1017

Wilkinson T, Gardener MJ, Williams W (2015) Discovery of functional

antibodies targeting ion channels. J Biomol Screen 20(4):454–467.

https://doi.org/10.1177/1087057114560698

Winter G, Griffiths AD, Hawkins RE, Hoogenboom HR (1994) Making

antibodies by phage display technology. Annu Rev Immunol 12(1):

433–455. https://doi.org/10.1146/annurev.iy.12.040194.002245

Wu H, Pfarr DS, Johnson S, Brewah YA, Woods RM, Patel NK, White

WI, Young JF, Kiener PA (2007) Development of Motavizumab, an

ultra-potent antibody for the prevention of respiratory syncytial virus

infection in the upper and lower respiratory tract. J Mol Biol 368(3):

652–665. https://doi.org/10.1016/j.jmb.2007.02.024

Publisher’s note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Appl Microbiol Biotechnol (2019) 103:7703–7717 7717

https://doi.org/10.1038/nrd.2016.230
https://doi.org/10.1093/protein/gzh098
https://doi.org/10.1093/protein/gzn066
https://doi.org/10.1093/protein/gzn066
https://doi.org/10.1038/nrd1957
https://doi.org/10.1038/nrd1957
https://doi.org/10.1007/s12010-009-8699-4
https://doi.org/10.1007/s12010-009-8699-4
https://doi.org/10.1126/science.4001944
https://doi.org/10.2165/11631090-000000000-00000
https://doi.org/10.2165/11631090-000000000-00000
https://doi.org/10.1007/978-1-4939-2748-7_4
https://doi.org/10.1007/978-1-4939-2748-7_4
https://doi.org/10.1126/science.2451287
https://doi.org/10.1038/s41551-017-0058
https://doi.org/10.1093/protein/7.8.1017
https://doi.org/10.1093/protein/7.8.1017
https://doi.org/10.1177/1087057114560698
https://doi.org/10.1146/annurev.iy.12.040194.002245
https://doi.org/10.1016/j.jmb.2007.02.024

	In�vitro affinity maturation of antibody against membrane-bound GPCR molecules
	Abstract
	Introduction
	Materials and methods
	Construction of plasmids
	Cell culture
	Preparation of vesicles
	Transfection and stable cell line establishment
	PCR amplification
	Antibody affinity maturation
	Antibody gene sequencing
	Purification of antibodies
	Flow cytometry

	Results
	Interaction of cells displaying antibody and cell-expressing GPCR
	Vesicles prepared to efficiently monitor the binding ability of anti-ETaR antibody displayed on CHO cells
	Maturation of anti-GPCR antibody

	Discussion
	References


