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1. Introduction

Glucagon-like peptide-1 mimotopes screened
from an Fv-antibody library

2 Dayoung Choi,” Jeong Soo Sung,® Hyun Woong Lee,©
9 Joachim Jose, (¢ Misu Lee*® and Jae-Chul Pyun (2 *®

Hyung Eun Bae,
Min-Jung Kang,

Glucagon-like peptide-1 receptor (GLP-1R) agonists treat type 2 diabetes and obesity by promoting
insulin secretion and suppressing glucagon release. In this study, GLP-1 mimotopes with GLP-1R agonist
activity were screened from the Fv-antibody library. The Fv-antibodies represented the hypervariable
region of heavy-chain IgG, which included three CDRs and four FRs, and the library was produced by
randomizing the CDR3 region with 11 amino acids through site-directed mutagenesis. The GLP-1
mimotopes with GLP-1R agonist activity were screened using monoclonal anti-GLP-1 antibodies and
were synthesized into peptides and expressed as Fv-antibodies co-expressed with GFP. The binding
affinity of GLP-1 mimotopes was analyzed using a surface plasmon resonance biosensor, and the activity
of the GLP-1 mimotopes (expressed Fv-antibodies and synthesized peptides) was analyzed by measuring
cyclic adenosine monophosphate (cAMP) production and hormone secretion in pancreatic «- and
B-cells. The molecular docking simulations revealed that GLP-1 mimotopes interacted with GLP-1R by
targeting key residues known to bind GLP-1, supporting their potential as functional receptor agonists.
The effect on fatty acid accumulation was analyzed using hepatocyte cell lines (HepG2 and Huh7), and
transcriptomic changes were analyzed by RNA sequencing. In addition, GLP-1R downstream signaling in
B-cells was evaluated by western blot analysis of AKT and ERK1/2 phosphorylation. This approach offers
a novel strategy to generate new GLP-1R agonists and expand molecular diversity for GLP-1R-targeted
therapeutic design.

inactivation of native GLP-1 by dipeptidyl peptidase-4.%°
In addition to glycemic control, GLP-1RAs have shown potential

Glucagon-like peptide-1 (GLP-1) is an incretin hormone
secreted by enteroendocrine L-cells in response to nutrient
intake."” GLP-1 exerts multiple physiological effects, including
glucose-dependent insulin secretion, glucagon release suppres-
sion, delayed gastric emptying, and promotion of satiety via
central nervous system signaling.>”> The GLP-1 receptor (GLP-
1R) is a class B G protein-coupled receptor widely expressed in
pancreatic B-cells and various peripheral tissues and plays a key
role in glucose homeostasis and energy metabolism.*” Several
GLP-1R agonists (GLP-1RAs) such as exenatide, liraglutide, and
semaglutide have been developed and approved for treating
type-2 diabetes mellitus and obesity to overcome the rapid
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therapeutic benefits in cardiovascular diseases, neurodegen-
erative disorders, and inflammatory conditions.'®"!

Fragment variable (Fv)-antibodies represent variable regions
of immunoglobulin G (IgG) with three complementarity-
determining regions (CDRs) flanked by framework regions
(FRs).""* Among these, the CDR3 region of the variable heavy
chain (Vy) exhibits the highest variability and plays a dominant
role in determining antigen-binding specificity.'*"'> Notably,
our Fv-antibodies lack the IgG constant Fc region and therefore
do not engage Fc receptor or complement (Clq)-mediated
effector functions.'® An Fv-antibody library was produced by
randomizing an 11-amino acid sequence of the Vi-CDR3 region
through site-directed mutagenesis.'”"*®

The resulting library was genetically connected to the auto-
transporter domain of AIDA-1 and expressed on the outer mem-
brane of Escherichia coli using autodisplay technology.'*?° This
surface display system achieved a high-density expression of
Fv-antibodies (>10° molecules per E. coli) and provided high
diversity (>10° clones per library), enabling efficient screening
without the need for multiple rounds of biopanning.>'** This
approach facilitated the identification of mimotopes, which are
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short peptide sequences that mimic the structure of natural
epitopes and bind specifically to target antibodies or receptors,
directly from the displayed library.>*** This platform was
successfully used to identify the amino acid sequences with
binding affinity to various targets. For example, the Fv-antibody
library was used to screen inhibitors specific to deoxyribonu-
clease I (DNase I) and PB-lactamase, which demonstrated the
applicability of this system to select mimotopes or inhibitory
fragments for diverse protein targets.**>

In this study, GLP-1 mimotopes were screened from an
Fv-antibody library using an anti-GLP-1 antibody. Screened
amino acid sequences (CDR3 sequences, 11 residues) were
synthesized into peptides and expressed as Fv-antibodies co-
expressed with GFP. The binding affinity (Kp) values of GLP-1
mimotopes were analyzed using an SPR biosensor. The activity
of the GLP-1 mimotopes (expressed Fv-antibodies and synthe-
sized peptides) was analyzed by measuring cyclic adenosine
monophosphate (cAMP) production and insulin secretion.
Glucagon suppression was evaluated by measuring glucagon
secretion in pancreatic a-cell models. In addition, downstream
GLP-1R signaling was examined via western blot analysis. The
effect on fatty acid accumulation was analyzed using hepatocyte
cell lines such as HepG2 and Huh7. The effect of GLP-1
mimotopes on gene expression was analyzed via RNA sequen-
cing (RNA-seq). Accordingly, GLP-1 mimotopes were screened
using an Fv-antibody library and their biological activities were
characterized, providing a potential alternative strategy for the
development of GLP-1RAs.

2. Materials and methods

2.1. Materials

Anti-GLP-1 antibody [4F3] (ab23472) was purchased from
Abcam (Cambridge, UK). The materials necessary to produce
the Fv-antibody library were described previously.>*?” Isopropyl
B-p-1-thiogalactopyranoside (IPTG) and kanamycin were pur-
chased from Kisan Bio (Seoul, Korea). Dynabeads™ protein G
was purchased from Thermo Fisher Scientific Inc. (Waltham,
MA, USA). Beta-TC-6 cells (ATCC CRL-3605) and alpha-TC-1
clone 6 cells (ATCC CRL-2934) were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA). HepG2
(KCLB No. 88065) and Huh7 (KCLB No. 60104) cells were
obtained from the Korean Cell Line Bank (Seoul, Korea) and
cultured according to the manufacturer’s instructions. Further-
more, cAMP levels were measured using the cAMP-Glo assay
(Promega, Madison, WI, USA). Insulin levels were measured
using a rat/mouse insulin ELISA kit (EZRMI-13K; Merck Milli-
pore, Billerica, MA, USA), and glucagon levels were measured
using a Glucagon ELISA kit (EIA-GLU-1; RayBiotech, Peachtree
Corners, GA, USA). 3-Isobutyl-1-methylxanthine (IBMX 15879)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). The
Krebs-Ringer-Bicarbonate buffer with 16.7 mM glucose (BK010)
and Krebs-Ringer-Bicarbonate buffer with 2.8 mM glucose
(BK009) were purchased from Biosolution (Seoul, Korea).
Exendin-4 (HY-13443) was purchased from MedChemExpress
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(Monmouth Junction, NJ, USA). Synthetic human GLP-1 (7—36),
semaglutide, and tirzepatide were purchased from Dandicure
(Cheongju, Korea). The identity and purity of the synthetic
peptides were verified by analytical RP-HPLC and MS, and the
corresponding data are provided in Fig. S1.

2.2. Mimotope screening from the Fv-library

The Fv-antibody library was constructed using site-directed
mutagenesis.”**” The CDR3 sequences, including 11-mer ran-
domized amino acids, were synthesized using the NNK codon
strategy and inserted into an expression vector harboring the
AIDA-1 autotransporter system. The resulting plasmids were
transformed into E. coli BL21(DE3), which enables the surface
display of Fv-antibodies on the outer membrane. Furthermore,
the transformed cells were incubated in LB broth (10 mL) with
50 mg L™ kanamycin (37 °C, 200 rpm, 16 h), which is followed
by incubation in the LB broth (10 mL) containing kanamycin
(50 mg L"), B-mercaptoethanol (10 mM), and EDTA (10 uM)
at 37 °C for 2.5 h. Subsequently, autodisplay expression
was induced with isopropyl B-p-1-thiogalactopyranoside
(IPTG, 1 mM).

A monoclonal anti-GLP-1 antibody was immobilized on
Dynabeads™ Protein G (Thermo Fisher Scientific) according
to the manufacturer’s instructions for screening GLP-1 mimo-
topes. The autodisplayed Fv-antibody library (ODggonm = 1.0)
was incubated with immobilized monoclonal anti-GLP-1 anti-
bodies (25 °C, 1 h). The E. coli clones exhibiting strong binding
affinity to the antibody were isolated by magnetic bead capture,
which includes washing with 0.01% (v/v) PBST and PBS. After
washing, screened E. coli clones were plated onto an agar plate
(37 °C, overnight). For selecting the final clones, candidate
colonies were randomly picked from the agar plate and incu-
bated with a monoclonal anti-GLP-1 antibody (5 pg mL ™)
followed by FITC-labeled secondary antibody (5 pg mL™%).
Clones exhibiting strong fluorescence signals were identified
by flow cytometry (FACSCalibur; Becton Dickinson, USA) and
subjected to DNA sequencing. The selected clones were subse-
quently expressed as soluble recombinant proteins in E. coli
using plasmids pHE006 and pHEO007 and synthesized into
peptides by Peptron (Daejeon, Republic of Korea). The Fv
sequences of the selected clones (including Fv-5 and Fv-8) are
summarized in Table S1.

2.3. cAMP measurement

Intracellular cAMP levels were measured using the cAMP-Glo™
assay kit (Promega, Madison, WI, USA) based on the manufac-
turer’s protocol.”® Beta-TC-6 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; BioWest, L0103) supple-
mented with 15% fetal bovine serum (FBS; BioWest, $S1480)
and 2% penicillin-streptomycin (Thermo Fisher Scientific,
15140122) at 37 °C and 5% CO,.>*" Beta-TC-6 cells were
seeded into 96-well plates at a density of 2.5 x 10* cells per
well and cultured for 2-3 days. Prior to treatment, the cells were
pre-incubated with either 2.8 or 16.7 mM glucose-containing
Krebs-Ringer buffer in the presence of 0.5 mM IBMX for 1.5 h
to inhibit phosphodiesterase activity.®> Then, the buffer was

This journal is © The Royal Society of Chemistry 2026
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replaced with the same glucose-containing buffer supplemen-
ted with Fv-5, Fv-8, Exendin-4, semaglutide, or tirzepatide at
concentrations ranging from 0.32 to 1000 nM, or with Peptide-5
or Peptide-8 at concentrations ranging from 1.6 to 5000 nM.
After 1 h of incubation at 37 °C, the cells were lysed, and
luminescence was measured using a microplate reader. Intra-
cellular cAMP concentrations were quantified by comparing the
measured luminescence to a standard curve generated from
cAMP standards based on the manufacturer’s instructions.

2.4. Insulin measurement

Beta-TC-6 cells were seeded into 96-well plates at a density of
2.5 x 10" cells per well and cultured for 2-3 days. Prior to
stimulation, the cells were pre-incubated under the same
conditions used for cAMP measurement: Krebs-Ringer buffer
(KRB) containing either 2.8 or 16.7 mM glucose and 0.5 mM
IBMX for 1.5 h at 37 °C.>*** Then, the buffer was replaced
with glucose-containing KRB supplemented with Fv-5, Fv-8,
Exendin-4, semaglutide, or tirzepatide at concentrations ran-
ging from 0.32 to 1000 nM, or with Peptide-5 or Peptide-8 at
concentrations ranging from 1.6 to 5000 nM, followed by a 1 h
incubation. After stimulation, the supernatants were collected,
and insulin secretion into the medium was quantified using a
Rat/Mouse Insulin ELISA kit based on the manufacturer’s
instructions.?**°

2.5. Glucagon measurement

Alpha-TC-1 clone 6 cells were seeded at 5.0 x 10* cells per well
and cultured for 2-3 days. Cells were washed with DPBS and
pre-incubated for 1.5 h at 37 °C in Krebs-Ringer buffer (KRB)
containing either 2.8 mM or 16.7 mM glucose. The buffer was
replaced with the same glucose-containing buffer supplemented
with Fv-5, Fv-8, Exendin-4, semaglutide, or tirzepatide at concen-
trations ranging from 0.32 to 1000 nM. Control wells received
glucose-matched KRB without ligands. After 1 h incubation at
37 °C, the supernatants were collected and glucagon levels were
quantified using a glucagon ELISA kit according to the manufac-
turer’s instructions.

2.6. Hormone secretion assays in o/ Co-spheroids

Alpha-TC-1 clone 6 cells and beta-TC-6 cells were co-cultured
to generate o/f co-spheroids. To generate stable mCherry-
expressing beta-TC-6 cells, lentiviral particles were produced
by co-transfecting Lenti-X™ HEK293T cells (Clontech, Palo Alto,
CA, USA) with the packaging plasmid psPAX2 (Addgene, Water-
town, MA, USA), the envelope plasmid pCMV-VSV-G (Addgene,
Watertown, MA, USA), and the transfer vector pLVX-mCherry
(Addgene). Supernatants were harvested and concentrated
using the Lenti-X™ Concentrator (Takara Bio Inc., Shiga, Japan)
according to the manufacturer’s protocol. Beta-TC-6 cells
(6 x 10° cells per well) were seeded in six-well plates and
infected 24 h later with the prepared viral particles diluted in
medium containing 2% heat-inactivated fetal bovine serum
and 1% penicillin-streptomycin. The cells were mixed at a
1:3 ratio (#-TC1-6:mCherry-p-TC-6), corresponding to 7.5 x
10® acells and 22.5 x 10® B-cells per spheroid (3.0 x 10* total

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

cells per spheroid), and seeded into ultra-low attachment 96-
well plates to allow the formation of a single spheroid per well.
For each condition, 10 co-spheroids were pooled and used as
one experimental unit. Prior to stimulation, co-spheroids were
washed with DPBS and pre-incubated for 1.5 h at 37 °C
in Krebs-Ringer buffer (KRB) containing either 2.8 mM or
16.7 mM glucose supplemented with 0.5 mM IBMX. The buffer
was then replaced with new glucose-matched KRB containing
Fv-5, Fv-8, Exendin-4, semaglutide, or tirzepatide (1 pM each),
while control spheroids received the corresponding buffer
without agonists. After 1 h of incubation at 37 °C, supernatants
were collected for insulin and glucagon measurement by ELISA
according to the manufacturer’s instructions. Co-spheroids
were subsequently lysed, and intracellular cAMP levels were
measured using the cAMP-Glo™ assay as described above
(Section 2.3).

2.7. Western blot analysis of intracellular signaling (AKT and
ERK1/2)

Beta-TC-6 cells were seeded in 6-well plates at a density of 2.5 x
10> cells per well and cultured for 2-3 days. Prior to stimula-
tion, the cells were washed with DPBS and pre-incubated for
1.5 h at 37 °C in Krebs-Ringer buffer (KRB) containing either
2.8 mM or 16.7 mM glucose. The buffer was then replaced with
fresh KRB adjusted to either low glucose (2.8 mM) or high
glucose (16.7 mM) and supplemented with Fv-5, Fv-8, or
Exendin-4 (1 uM). After incubating for 1 h at 37 °C, the cells
were lysed using an SDS-based lysis buffer (1% SDS, 60 mM
Tris-HCI) supplemented with a protease inhibitor cocktail
(Roche, Basel, Switzerland) and a phosphatase inhibitor
(GenDEPOT, Barker, TX, USA). Total protein concentrations
were measured using a BCA assay. Equal amounts of protein
were resolved by SDS-PAGE and electrotransferred onto PVDF
membranes. After blocking with 5% skim milk, the membranes
were incubated with primary antibodies at 4 °C overnight,
followed by incubation with HRP-conjugated secondary anti-
bodies. The primary antibodies used were phospho-AKT
(Ser473, Cell Signaling Technology; 1:2000), pan-AKT (Cell
Signaling Technology; 1:1000), phospho-ERK1/2 (Thr202/
Tyr204, Cell Signaling Technology; 1:2000), ERK1/2 (Cell
Signaling Technology; 1:1000), and B-actin-HRP (Santa Cruz
Biotechnology; 1:5000). Chemiluminescent signals were visua-
lized using a ChemiDoc XRS system (Bio-Rad, Hercules, CA,
USA), and band intensities were quantified using Image Lab
(BiRad) and Image] (NIH, Bethesda, MD, USA). Western blot
analysis was carried out following standard procedures as
previously described.?”

2.8. Estimation of fatty acid accumulation

RNA sequencing was performed to assess the effect of the GLP-1
mimotope on fatty acid accumulation. HepG2 cells were seeded
in 48-well plates at a density of 4 x 10 cells per mL. After 24 h,
the cells were treated with Fv-5, Fv-8, or Exendin-4 in the
presence of oleic acid. Following 24 h of treatment, the total
RNA was extracted from the cells using the RNeasy Mini Kit
(QIAGEN, Hilden, Germany). Furthermore, RNA sequencing
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was performed by EBIOGEN Inc. (Seoul, Korea), and data
analysis was conducted using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) annotation
tool.>*°

Oil Red O staining was performed to measure the lipid
droplet content in HepG2 and Huh7 cells. Cells were seeded
in 48-well plates at a density of 4 x 10* cells per mL for HepG2
and 1.5 x 10" cells per mL for Huh7. After 24 h, the cells were
treated with Fv-5, Fv-8, or Exendin-4 in combination with oleic
acid for an additional 24 h. The cells were washed twice with
phosphate-buffered saline (PBS) and fixed with 4% paraformal-
dehyde for 30 min at 25 °C. After fixation, the cells were rinsed
with distilled water and treated with 60% isopropanol for
5 min. The Oil Red O working solution was prepared by diluting
a 0.5% (w/v) Oil Red O stock solution in isopropanol with
distilled water at a ratio of 3:2, followed by filtration through
a 0.22 pum membrane filter. Then, the cells were incubated with
the oil red working solution for 30 min at room temperature.
After staining, the excess dye was removed by washing with
distilled water, and the cells were air-dried. Stained lipid
droplets were visualized and imaged under a light microscope.
For quantification, the cells were lysed with 100% isopropanol,
and the absorbance was measured at 515 nm using a micro-
plate reader.

3. Results and discussion

3.1. Screening the GLP-1 mimotope from the Fv-antibody
library

Fv-antibodies represent the hyper-variable region of heavy-
chain IgG, which includes three CDRs and four FRs.'®*! The
Fv-antibody library was produced by randomizing the CDR3
region with 11 amino acids through site-directed mutage-
nesis.'”*> Subsequently, the Fv-antibody library was expressed
on the outer membrane of E. coli using autodisplay technology,
as shown in Fig. 1(a).?"*® This study aimed to screen a GLP-1
mimotope from the Fv-antibody library, which had a similar
chemical environment to GLP-1. A monoclonal anti-GLP-1 anti-
body was used as a probe in the Fv-antibody library to screen for
GLP-1 mimotopes. The monoclonal antibody was immobilized
on the magnetic beads via covalent bonding, and the magnetic
beads were used to treat the Fv-antibody library, as shown in
Fig. 1(b). After separating the magnetic beads, the complex of
magnetic beads and E. coli was cultured on an agar plate.
Several resulting clones were subsequently assayed using flow
cytometry, as shown in Fig. 1(c).

Among the assayed clones, two clones were identified as
target clones based on their distinct CDR3 sequences, which
differed from the template sequence (before site-directed muta-
genesis). The two clones exhibited a concentration-dependent
increase in fluorescent signal upon anti-GLP-1 antibody treat-
ment. The binding affinities (Kp) of clone-5 and clone-8, were
determined to be 50.0 nM and 55.1 nM, respectively (Fig. S2).

Two screened Fv-antibodies were expressed as soluble
proteins co-expressed with GFP, and their expression was
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Fig. 1 Construction and screening of the Fv-antibody library targeting
monoclonal anti-GLP-1 antibodies. (a) Construction of an Fv-antibody
library by CDR3 randomization and outer membrane expression via the
AIDA-1 autotransporter. (b) Screening of GLP-1 mimotopes clones using
monoclonal anti-GLP-1 antibody-conjugated magnetic beads. (c) Sequen-
cing results of the CDR3 regions from GLP-1 mimotope clones and flow
cytometry analysis of the binding affinity of clone-5 and clone-8.
(d) Expression of screened Fv-antibodies as a soluble protein, confirmed
by SDS-PAGE showing a band at an expected molecular weight of
approximately 40.3 kDa.

confirmed using SDS-PAGE with a molecular weight of
40.3 kDa, as shown in Fig. 1(d).**

The Kp of the expressed Fv antibodies to the immobilized
monoclonal anti-GLP-1 antibody was estimated using an SPR
biosensor.*>*® As shown in Fig. S3(a), the Ky, value was deter-
mined to be 71.3 and 62.8 nM for Fv-5 and Fv-8, respectively,
which was similar to that for the conventional GLP-1RA called
Exendin-4 (Ex-4, 66.1 nM). Under the same SPR conditions,
synthetic human GLP-1 (7—36) showed an estimated K, of
23.2 nM, whereas semaglutide and tirzepatide showed esti-
mated Kp values of 38.3 nM and 58.0 nM, respectively
(Fig. S3(c)). These results indicated that the two Fv-antibodies
bound to the anti-GLP-1 antibody within a range comparable to
representative GLP-1 agonist benchmarks measured under the
same SPR conditions (Exendin-4, GLP-1, semaglutide, tirzepa-
tide). The Ky, values of the synthesized peptides with the same
CDR3 amino acid sequence were estimated for the immobilized
monoclonal anti-GLP-1 antibody using the SPR biosensor.
Fig. S3(b) shows that the Ky, value was 372.7 and 315.6 nM
for Peptide-5 and Peptide-8, respectively. These results con-
firmed that Fv-antibodies had a higher affinity (lower Kp) than
those in the synthesized peptides with the same CDR3 amino

This journal is © The Royal Society of Chemistry 2026
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Table 1 Screened nucleotide and amino acid sequences with a specific binding affinity to monoclonal a-GLP-1 antibodies
Kp, spr

Kpyacs Kb, spr [nM]

[nM] [nM] (synthesized
Screened CDR3 Sequences (clone) (expressed Fv) peptide)
Mimotope-5 Oligonucleotide 5'-'GGTGC°GCCTG" GTACG'*CGCCT*' TCATG** GGGAT*' TT**C-3’ 50.0 713 3727
(Clone-5) Amino acid sequences 'G-A-P-G-T-°R-L-H-G-D-''F ) ) ’
Mimotope-8 Oligo-nucleotide 5'-'TGTAG*TCCTG" GGGGG'°AATCG*' GGTCC** GGGAT* ' TT**T-3'
(Clone-8) Amino acid sequences 'C-S-P-G-G-°N-R-V-R-D-''F 55.1 62.8 315.6

acid sequences. The oligonucleotide and amino acid sequences
of the screened CDR3 sequences with specific binding affinity
are summarized in Table 1.

3.2. Properties of GLP-1 mimotopes

The beta-TC-6 cell (ATCC CRL-3605) was derived from a pan-
creatic beta-cell with GLP-1Rs on the cell surface.*’** Intracellular
glucose was metabolized through glycolysis and oxidative phos-
phorylation after glucose uptake via glucose transporters, which led
to increased adenosine triphosphate (ATP) production. The ele-
vated ATP/adenosine diphosphate (ADP) ratio closed ATP-sensitive
K' channels, resulting in membrane depolarization and the open-
ing of voltage-dependent Ca®'channels. The subsequent Ca>" influx
triggered glucose-stimulated insulin secretion.**°

In parallel, GLP-1 or its agonists bound to the GLP-1R and
activated adenylate cyclase (AC), converting ATP into cAMP.
An increase in cAMP levels further enhanced insulin secretion
by activating PKA and Epac2, both of which increased Ca>*
sensitivity and promoted additional Ca*" influx.>"*?

In addition to enhancing insulin secretion, GLP-1 signaling
suppressed glucagon secretion from pancreatic a-cells, which
was likely through paracrine regulation by somatostatin or
direct inhibition under hyperglycemic conditions.”*** The
direct mechanism was proposed to involve the activation of
GLP-1Rs on a-cells, which inhibited voltage-gated P/Q-type Ca**
channels and subsequently reduced the Ca®" influx necessary
for glucagon exocytosis.>>> In this study, the bioactivity of
GLP-1 mimotopes was evaluated by measuring intracellular
CAMP levels and insulin secretion in beta-TC-6 cells.”*®’

As shown in Fig. 2(a), the binding of GLP-1 mimotopes to
the GLP-1R activates AC, and the cAMP level increases with the
concentration of bound GLP-1 mimotopes.”**® The SPR-
derived Ky, values in this study reflected binding to the immo-
bilized monoclonal anti-GLP-1 antibody (Fig. S3), and provided
an assay-matched antibody-binding benchmark. In this SPR
format, synthetic human GLP-1 (7-36) showed Ky, values of
23.2 nM, and our expressed Fv-antibodies and corresponding
peptides bound within a comparable range (62.8 nM-372.7 nM),
supporting GLP-1-like epitope features, aligning with the
agonist-like cellular responses, as evidenced by intracellular
cAMP production, insulin secretion and glucagon suppression.
In addition, a GLP-1R-based secondary validation was con-
ducted using a flow-cytometry competitive binding assay in
beta-TC-6 cells. Co-incubation with GLP-1 (100 nM) reduced the
binding signals by 48.8% (Fv-5) and 54.1% (Fv-8) at 1 uM,
supporting ligand-competitive engagement of GLP-1R (Fig. S4).

This journal is © The Royal Society of Chemistry 2026

The agonist activity of the Fv-antibodies was estimated by
measuring cAMP levels in beta-TC-6 cells after treatment with
Fv-antibodies. As shown in Fig. 2(b), the cAMP level increased
with the Fv-antibodies treatment at a low glucose concentration
(2.8 mM), and the ECs, (half maximal effective concentration)
values were measured to be 52.4 and 65.6 nM for Fv-5 and Fv-8,
respectively. For Ex-4, the ECs, value was estimated to be
19.6 nM. The EC;, values were measured to be 49.7 and
58.2 nM for Fv-5 and Fv-8, respectively, when the cAMP
measurement was carried out at the high glucose concentration
of 16.7 mM. Treatment with Ex-4 resulted in an ECs, value of
18.9 nM, which confirmed that treatment with Fv-antibodies at
low and high glucose concentrations increased cAMP produc-
tion, indicating the agonist activity of Fv-antibodies. In the
same cAMP assay, semaglutide and tirzepatide induced cAMP
production with ECs, values of 16.7 nM and 58.8 nM at low
glucose (2.8 mM), as well as 14.8 nM and 61.4 nM at high
glucose (16.7 mM), respectively (Fig. 2(b)).

Furthermore, GLP-1 mimotopes were converted into synthe-
sized peptides with CDR3 amino acid sequences (11 residues),
and the agonist activity of the GLP-1 mimotope peptides was
estimated by measuring cAMP levels after treatment with beta-
TC-6 cells. The ECs, values were measured to be 185.1 and
273.0 nM for Peptide-5 and Peptide-8, respectively, when the
cAMP level was at a low glucose concentration of 2.8 mM, as
shown in Fig. 2(c). The cAMP level was observed at a high
glucose concentration of 16.7 mM, and the ECs, values
were measured to be 335.9 and 331.7 nM for Peptide-5 and
Peptide-8, respectively. These results confirmed that GLP-1
mimotopes in the structure of Fv-antibodies had higher agonist
activity than the synthesized peptides with the same CDR3
amino acid sequences. This difference in agonist activity
resulted from the difference in K, between the Fv-antibodies
and synthesized peptides. Notably, the higher agonist activity of
the Fv-antibodies could also be attributed to framework-
mediated CDR3 preorganization relative to the corresponding
synthesized peptides.’**° The ECj5, values for cAMP accumula-
tion are summarized in Table 2.

As an agonist of the GLP-1R, the binding of GLP-1 mimo-
topes to the receptor activates beta-TC-6 cells, and the secre-
tion of insulin increases based on the concentration of
bound GLP-1 mimotopes (Fig. 3(a)).”*®' The insulin level
was increased by treatment with Fv-antibodies at a low glucose
concentration (2.8 mM), and the EC5, values were measured to
be 118.4 and 99.1 nM for Fv-5 and Fv-8, respectively, as
indicated in Fig. 3(b).
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Fig. 2 ECsp-based evaluation of GLP-1 mimotope-induced cAMP pro-
duction in beta-TC-6 cells under low and high glucose conditions. (a)
Schematic of GLP-1R activation and subsequent cAMP production upon
binding of GLP-1 or mimotopes in beta-TC-6 cells. (b) ECso values for
cAMP production induced by Fv-antibodies (Fv-5, Fv-8) and GLP-1R
agonists (Ex-4, Semaglutide, Tirzepatide) under low glucose (2.8 mM)
and high glucose (16.7 mM) conditions. (c) ECsg values for the synthesized
peptides (Peptide-5, Peptide-8) under low glucose (2.8 mM) and high
glucose (16.7 mM) conditions.

For Ex-4, the EC5, value was estimated to be 61.9 nM. When
insulin levels were measured at a high glucose concentration of
16.7 mM, the EC;, values were 84.4 and 79.2 nM for Fv-5 and
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Table 2 ECso and maximum cAMP accumulation induced by GLP-1

mimotopes and GLP-1R agonists in beta-TC-6 cells under low and high
glucose conditions

cAMP accumulation

Low glucose High glucose

ECs, Maximum ECs, Maximum

[nM] level [nM] [nM] level [nM]
Negative control — 4.0 — 10.2
Expressed Fv-5 52.4 20.8 49.7 24.0
Fv-antibodies Fv-8 65.6 17.4 58.2 20.6
Synthesized peptides Peptide-5 185.1 21.6 335.9 25.3
Peptide-8 273.0 19.5 331.7 24.2
Exendin-4 19.6 25.6 18.9 26.8
Semaglutide 16.7 26.6 14.8 30.0
Tirzepatide 58.8 26.0 61.4 29.3

Fv-8, respectively. Treatment with Ex-4 resulted in an ECs, value
of 55.8 nM. These results confirmed that treatment with
Fv-antibodies at low and high glucose concentrations increased
insulin production, indicating the agonist function of the
Fv-antibodies.

In the same insulin secretion assay, semaglutide and tirze-
patide showed ECs, values of 56.6 nM and 81.2 nM under low
glucose (2.8 mM) conditions, and 54.8 nM and 93.6 nM under
high glucose (16.7 mM) conditions, respectively (Fig. 3(b)).
As shown in Fig. 3(c), the agonist activity of GLP-1 mimotope
peptides was estimated by measuring insulin levels in the beta-
TC-6 cells after treatment. The EC5, values were measured to be
251.6 and 235.3 nM for Peptide-5 and Peptide-8, respectively,
when the insulin level was observed at a low glucose concen-
tration of 2.8 mM. When the insulin level was observed at a
high glucose concentration of 16.7 mM, the ECs, values were
measured to be 354.4 and 280.1 nM for Peptide-5 and Peptide-
8, respectively. These results confirmed that GLP-1 mimotopes
in the structure of Fv-antibodies had higher agonist activity
than the peptides synthesized with the same CDR3 amino
acid sequences. This difference in agonist activity could also
be attributed to the difference in Kj values between the Fv-
antibodies and the synthesized peptides. Notably, framework-
mediated CDR3 preorganization may contribute to the higher
agonist activity of the Fv-antibodies relative to the corres-
ponding synthesized peptides.>>*® The ECs, values for insulin
secretion are summarized in Table 3.

The alpha-TC-1 clone 6 cell (ATCC CRL-2934) was derived from
a pancreatic a-cell and secretes glucagon.®® Glucagon secretion
from o-cells is governed by glucose availability and a-cell excit-
ability, and the secretory output is coupled to Ca®>" dependent
exocytosis of glucagon granules.®*** GLP-1 and GLP-1R agonists
have been reported to suppress glucagon secretion, and the
proposed mechanisms include intra-islet paracrine regulation,
particularly somatostatin-dependent pathways, as well as direct
a-cell modulation depending on the glucose level.*>*® Notably,
GLP-1 can inhibit glucagon secretion even when detectable GLP-
1R immunoreactivity is present in only a small fraction of o-cells,
supporting that glucagonostatic responses may be captured in
a-cell-focused assays under appropriate conditions.”

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 ECsp-based evaluation of GLP-1 mimotope-induced insulin secre-
tion in beta-TC-6 cells under low and high glucose conditions. (a) Sche-
matic of GLP-1R activation and subsequent insulin secretion upon binding
of GLP-1 or mimotopes in beta-TC-6 cells. (b) ECsq values for insulin
secretion induced by Fv-antibodies (Fv-5, Fv-8) and GLP-1R agonists
(Ex-4, Semaglutide, Tirzepatide) under low glucose (2.8 mM) and high
glucose (16.7 mM) conditions. (c) ECsg values for the peptides (Peptide-5,
Peptide-8) synthesized under low glucose (2.8 mM) and high glucose
(16.7 mM) conditions.

Direct inhibitory mechanisms have been linked to reduced
activity of voltage-gated Ca®* channels and diminished Ca**
influx required for glucagon exocytosis.>®” As shown in Fig. 4(a),
GLP-1 mimotopes are expected to engage GLP-1R and attenuate
Ca**-dependent glucagon granule exocytosis, resulting in reduced

This journal is © The Royal Society of Chemistry 2026
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Table 3 ECso and maximum insulin secretion induced by GLP-1 mimo-

topes and GLP-1R agonists in beta-TC-6 cells under low and high glucose
conditions

Insulin secretion

Low glucose High glucose

ECs50 Maximum ECs5o Maximum

[nM] level [ng mL '] [nM] level [ng mL™ "]
Negative control — 3.1 — 3.9
Expressed Fv-5 1184 9.5 84.4 11.4
Fv-antibodies Fv-8 99.1 10.6 79.2 12.0
Synthesized Peptide-5 251.6 10.8 354.4 12.0
peptides Peptide-8 235.3 11.2 280.1 12.5
Exendin-4 61.9 10.5 55.8 12.1
Semaglutide 56.6 10.8 54.8 12.2
Tirzepatide 81.2 10.1 93.6 12.1

glucagon secretion. In this study, the glucagonostatic activity of
GLP-1 mimotopes was evaluated by measuring glucagon secretion
in alpha-TC-1 clone 6 cells under low (2.8 mM) and high
(16.7 mM) glucose conditions.

As shown in Fig. 4(b), under low glucose (2.8 mM), the
glucagon level in the glucose-matched control was 45.0 pg mL ™ *,
and treatment with Fv-5, Fv-8, Ex-4, semaglutide, or tirzepatide
decreased glucagon secretion in a dose-dependent manner,
enabling ICs, estimation. The IC5, values were 57.0 nM for Fv-5,
70.7 nM for Fv-8, 19.2 nM for Ex-4, 35.5 nM for semaglutide, and
89.9 nM for tirzepatide. As shown in Fig. 4(c), under high glucose
(16.7 mM) conditions, the glucagon level in the control was
35.1 pg mL™ ', and the dose-dependent effect was markedly
attenuated. At 1 pM, glucagon secretion decreased by 8.3% with
Fv-5, 6.6% with Fv-8, 9.4% with Ex-4, 7.7% with semaglutide, and
6.8% with tirzepatide relative to the glucose-matched control,
which was not suitable for robust ICs, fitting within the tested
range. At high glucose, glucose-driven suppression of glucagon
secretion predominates, which can attenuate the additional
glucagonostatic effect observed upon GLP-1/GLP-1R agonist
treatment.®®

Overall, Fv-5 and Fv-8 elicited glucagonostatic activity in
alpha-TC-1 clone 6 cells, showing clear dose-dependent sup-
pression under low glucose (2.8 mM) conditions with quantifi-
able IC5, values, comparable to GLP-1R agonist controls. Under
high glucose (16.7 mM), glucagon secretion was already strongly
suppressed by glucose, resulting in a limited dynamic range and
only modest additional inhibition within the tested concen-
tration range.

3.3. 3D ao/p Co-spheroid validation of GLP-1 mimotopes

The bioactivity of GLP-1 mimotopes was further evaluated in a
3D pancreatic o/f co-spheroid model composed of alpha-TC-1
clone 6 and beta-TC-6 cells (o/B = 1:3). As shown in Fig. 5(a),
the co-spheroids maintained a stable 3D architecture as con-
firmed by DAPI staining (blue) and mCherry-labeled B-TC-6
cells (red). In addition, FITC-labeled Fv-5 and Fv-8 (green)
showed clear fluorescence signals within the co-spheroids,
supporting the feasibility of assessing ligand responses in the
3D spheroid setting.
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Fig. 4 1Cso-based evaluation of GLP-1 mimotope-induced suppression

of glucagon secretion in alpha-TC-1 clone 6 cells under low and high
glucose conditions. (a) Schematic of GLP-1R engagement and reduced
Ca%*-dependent glucagon exocytosis upon binding of GLP-1 mimotopes
in alpha-TC-1 clone 6 cells. (b) Dose-response curves and ICsq values for
glucagon suppression by Fv-antibodies (Fv-5, Fv-8) and GLP-1R agonists
(Ex-4, Semaglutide, Tirzepatide) under low glucose (2.8 mM) conditions.
(c) Glucagon secretion profiles under high glucose (16.7 mM) conditions,
showing attenuated inhibition and no robust ICs fitting within the tested
concentration range.

The agonist activity of GLP-1 mimotopes in co-spheroids was
assessed by measuring intracellular cAMP levels and hormone
secretion under low (2.8 mM) and high (16.7 mM) glucose
conditions after treatment with Fv-5, Fv-8, Ex-4, semaglutide,
and tirzepatide (1 pM each). As shown in Fig. 5(b), intracellular
cAMP accumulation increased upon treatment with all GLP-1R
agonists and expressed Fv-antibodies under both glucose
conditions.

Under low glucose (2.8 mM) conditions, the cAMP level in
the glucose-matched control (NC) was 24.2 nM, and cAMP
increased by approximately 1.9-fold with Fv-5 and Fv-8, 2.2-fold
with Ex-4, and 2.1-fold with semaglutide and tirzepatide. Under
the high glucose (16.7 mM) condition, the control (NC) cAMP level
was 36.6 nM, and cAMP increased by approximately 1.5-fold with
Fv-5, 1.4-fold with Fv-8, 1.7-fold with Ex-4, 1.6-fold with semaglu-
tide, and 1.4-fold with tirzepatide. As shown in Fig. 5(c), insulin
secretion was enhanced in the o/p co-spheroids following treat-
ment with GLP-1R agonists and expressed Fv-antibodies.

Under the low glucose (2.8 mM) condition, the insulin level
in the glucose-matched control (NC) was 5.2 ng mL™', and
insulin secretion increased by approximately 2.8-fold with Fv-5,
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Fig. 5 3D a/B co-spheroid validation of GLP-1 mimotopes. (a) Represen-
tative fluorescence images of a/p co-spheroids (x-TC1-6 and mCherry-
labeled B-TC-6, a/f = 1:3) incubated with FITC-labeled Fv-5 or Fv-8.
Nuclei were stained with DAPI, Fv-antibodies were detected by FITC, and
B-TC-6 cells were visualized by mCherry; merged images are shown.
(b) Intracellular cAMP accumulation, (c) insulin secretion, and (d) glucagon
secretion from a/B co-spheroids under low (2.8 mM) and high (16.7 mM)
glucose conditions after treatment with Fv-5, Fv-8, Ex-4, semaglutide, or
tirzepatide (1 uM each).

3.3-fold with Fv-8, 3.5-fold with Ex-4, 3.7-fold with semaglutide,
and 3.2-fold with tirzepatide. Under the high glucose (16.7 mM)
condition, the control insulin level was 7.9 ng mL™', and
insulin secretion increased by approximately 2.2-fold with Fv-5,
2.4-fold with Fv-8, 2.7-fold with Ex-4 and semaglutide, and 2.5-fold
with tirzepatide. As shown in Fig. 5(d), glucagon secretion was
suppressed under both glucose conditions. Under the low glucose
(2.8 mM) condition, the glucagon level in the glucose-matched
control (NC) was 33.7 pg mL ™, and glucagon secretion decreased
by approximately 15.0% with Fv-5, 20.2% with Fv-8, 38.3% with
Ex-4, 33.5% with semaglutide, and 27.0% with tirzepatide.
Under the high glucose (16.7 mM) condition, the control
glucagon level was 22.5 pg mL ', and glucagon secretion
decreased by approximately 35.6% with Fv-5, 39.1% with Fv-8,

This journal is © The Royal Society of Chemistry 2026
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52.9% with Ex-4, 50.2% with semaglutide, and 44.9% with
tirzepatide. These results confirmed that Fv-5 and Fv-8 induced
agonist-like signaling and endocrine outputs in the 3D o/f co-
spheroid model, including cAMP and insulin secretion with
concomitant glucagon suppression.

3.4. Western blot analysis of GLP-1R downstream signaling
(AKT and ERK1/2)

GLP-1R activation has been reported to modulate intracellular
kinase signaling in B-cells, including the PI3K-AKT and ERK1/2
pathways. Phosphorylation of AKT (Ser473) and ERK1/2
(Thr202/Tyr204) is commonly used as an early readout of
receptor engagement and downstream signaling activity.®®®°
Upon ligand binding, GLP-1R couples to heterotrimeric G
proteins, and activation of Gas stimulates adenylate cyclase
(AC) to increase intracellular cAMP, which subsequently acti-
vates PKA and Epac. These cAMP-dependent effectors can
promote ERK1/2 phosphorylation through downstream signal-
ing intermediates. In parallel, GLP-1R stimulation can engage
PI3K signaling, including routes mediated by released GPy
subunits, leading to AKT phosphorylation”>”" (Fig. 6(a)).

As shown in Fig. 6(b), treatment with Fv-5, Fv-8, or Ex-4
(1 uM) for 1 h increased the phosphorylation levels of AKT
(Ser473) and ERK1/2 (Thr202/Tyr204) in beta-TC-6 cells under
both glucose conditions, while the total AKT and ERK levels
remained comparable across conditions with B-actin as a load-
ing control. The phosphorylation signals were quantified as
p-AKT/AKT/B-actin and p-ERK/ERK/f-actin, and each glucose-

() /
GLP-1 GLP-1 Vi
mimotope

L VA e TATATARER

o (AT
ecccceccs coo)

o-GLP-1
antibody

Cell survival

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\

\
\ Nucleus.

(b) High glucose Low glucose

NC Fv-5 Fv-8 Ex-4 NC Fv-5 Fv-8 Ex-4

P-AKT | —-‘H————‘

AKT | e e — ——
10 130 196 134 10 095 L4 123

p-ERK W-H..--n ‘

ERK | -..-‘ ‘--- — ‘
1.0 237 156 137 1.0 232 1.65 0.78

p-actin .-—"H-“- ‘

Fig. 6 Western blot analysis of GLP-1R downstream signaling (AKT and
ERK1/2) in beta-TC-6 cells under low and high glucose conditions. (a)
Schematic of GLP-1R activation by GLP-1 mimotopes and representative
downstream signaling routes leading to ERK1/2 and AKT phosphorylation.
(b) Western blot of p-AKT (Ser473), total AKT, p-ERK1/2 (Thr202/Tyr204),
total ERK1/2, and B-actin in beta-TC-6 cells treated with Fv-5, Fv-8, or Ex-
4 (1 uM, 1 h) under high glucose (16.7 mM, left) and low glucose (2.8 mM,
right) conditions, with relative band intensity values shown below each blot
(each glucose-matched NC set to 1.00).
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matched control was normalized to 1.00. Under the high
glucose (16.7 mM) condition, p-AKT increased to 1.30-fold for
Fv-5, 1.96-fold for Fv-8, and 1.34-fold for Ex-4 relative to the
normalized control, and p-ERK increased to 2.37-fold for Fv-5,
1.56-fold for Fv-8, and 1.37-fold for Ex-4. Under the low glucose
(2.8 mM) condition, p-AKT changed to 0.95-fold for Fv-5, 1.14-
fold for Fv-8, and 1.23-fold for Ex-4 compared with the normal-
ized control, whereas p-ERK increased to 2.32-fold for Fv-5 and
1.65-fold for Fv-8 but decreased to 0.78-fold for Ex-4. These
results indicated that the expressed Fv-antibodies modulated
GLP-1R-associated intracellular signaling readouts, with robust
ERK phosphorylation and glucose-dependent changes in AKT
phosphorylation.

3.5. Molecular docking simulation of GLP-1 mimotopes and
GLP-1R

The interactions between GLP-1R and GLP-1 mimotopes were
analyzed by Autodock Vina (Scripps Research Institute, La Jolla,
CA, USA).”>7* All docking results were visualized using PyMOL
(version 3.0, Schrddinger, LLC) and further analyzed through
Discovery Studio Visualizer (v21.1.0.20298, Dassault Systémes
BIOVIA, San Diego, CA, USA) to identify key interactions. The
11-residue CDR3 sequences of the expressed Fv-antibodies
were selected as docking ligands, based on their pivotal role
in antigen recognition.

The crystal structure of the active state of GLP-1R (PDB ID:
5VAI) was used for docking, as ligand binding induces a
conformational change from the inactive to the active state,
thereby initiating receptor activation. GLP-1R is composed
of an extracellular domain (ECD) and a transmembrane
domain (TMD), which cooperate in ligand binding and signal
transduction.”> The ECD facilitates ligand recognition and
capture, while the TMD is responsible for downstream signal-
ing. Previous studies have identified key residues involved in
GLP-1 binding, including Ls,, W39, Dg7, Riz1, L123, E127, E12s,
Loo1, Wao7, Rag9, N3go, and Rge.”*””

As shown in Fig. 7(a), GLP-1 formed multiple interactions
with GLP-1R, including nine hydrogen bonds (Ls,, Yss, Riza,
Ei3s, Kio7, Wiy, Taog, Rpgo, and Wsge), twelve hydrophobic
interactions (W30, Lgo, L11s, L123, C126y L142, Loo1, Maos, Yaus,
I309, R310, and I3;3), and two electrostatic interactions (E;,g and
E;39). The binding affinity of GLP-1 to GLP-1R was calculated to
be —13.5 kcal mol™'. Notably, eight of these interacting resi-
dues (L3, W30, Riz1, Li2sy Ei2g, Loo1, Waey, and Rygo) matched
previously reported key binding sites for GLP-1. As shown in
Fig. 7(b), GLP-1 mimotope Fv-5 (only CDR3 region) also formed
specific interactions with GLP-1R, including seven hydrogen
bonds (L142, Q234, Wa97, Ta0s, Raoo, N3gg, and Fs¢), four hydro-
phobic interactions (V,z7;, Wz, Rz10, and Lzq4), and three
electrostatic interactions (K97, E364, and Ezg;).

The binding affinity of Fv-5 was calculated to be —8.0 kecal mol .
Among these interacting residues, seven (Ly45, Wa97, T20g, Rago,
W06, R310, and Kjo;) overlapped with those involved in GLP-1
binding, suggesting that Fv-5 engaged GLP-1R similarly to GLP-
1. As shown in Fig. 7(c), GLP-1 mimotope Fv-8 (only CDR3
region) formed four hydrogen bonds (Ty9, L197, C296, and W),

J. Mater. Chem. B


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb02128f

Open Access Article. Published on 14 April 2026. Downloaded on 4/14/2026 11:59:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

+ Hydrogen bond o
: Electrostatic interaction "% g8

@ : Hydrophobic interaction

Fv-5 (G-A-P-G-T-R-L-H-G-D-F)

+ Hydrogen bond
: Electrostatic interaction

@ : Hydrophobic interaction

Hydrogen bond
 Electrostat

+ Hydrogen bond
Electrostatic interaction

@ : Hydrophobic interaction

Fig. 7 Molecular docking simulation of GLP-1 or screened GLP-1 mimo-
topes and GLP-1R (PDB ID: 5VAI). Molecular docking interactions between
GLP-1R and (a) GLP-1, (b) GLP-1 mimotope Fv-5, (c) GLP-1 mimotope
Fv-8, and (d) Exendin-4.

five hydrophobic interactions (Li4z, L2o1, Y205, Fasgs, and Lsgg),
and two electrostatic interactions (E;35 and E;30) with GLP-1R. The
binding affinity of Fv-8 was calculated to be —8.1 kcal mol "
Notably, five interacting residues (L142, L197, Ca06y Wao7, and Lyg;)
overlapped with those involved in GLP-1 binding, indicating that
Fv-8 also targeted the functionally relevant regions of the GLP-1
receptor.

The Exendin-4 (PDB ID: 7LLL) was additionally docked to
the active-state GLP-1R structure (PDB ID: 5VAI) under the
same conditions. Previous structural studies have reported
that Ex-4 engages GLP-1R through residues in both the ECD

J. Mater. Chem. B
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(Lszy, W39, Dg7y Rip1, Lias, E1a7, E1ag) and the TMD/ECL region
(Y145, Rio0, Qa11y Ha1a, Wao7, Rago, Lass, 5392)-78'79 As shown in
Fig. 7(d), Ex-4 formed nine hydrogen-bond interactions with
GLP-1R residues (Vsg, L3z, Ri21, E13s, E139, Ha12, Wao7, Rpoo,
and F3¢7), seven hydrophobic interactions (Vse, Pog, L142, Loo1,
Ayps, 1313, and Fsgs), and two electrostatic interactions (T, and
W3o). The binding affinity of Ex-4 was calculated to be
—10.1 keal mol™'. Notably, several interacting residues over-
lapped with previously reported binding sites, including the
ECD residues Lj,, W39, and Ry,;, as well as the TMD pocket
residues Wyo; and R,g9. These results supported that the dock-
ing analysis reproduced the expected binding topology of a
validated GLP-1R agonist and provided a reference interaction
map for comparison with the screened mimotopes. These
docking interactions are summarized in Table 4.

3.6. Effect of GLP-1 mimotopes on the cellular fatty acid
accumulation

The effect of GLP-1 mimotopes on lipid accumulation in liver
cells was estimated. Excessive accumulation of fat in the liver
causes hepatic steatosis or fatty liver, which is attributed to an
imbalance between the uptake and removal of fatty acids.®>®!
GLP-1 has been reported to prevent fatty acid accumulation in
liver cells through the activation of AMP-activated protein
kinase, inhibition of SREBP-lc-mediated lipogenesis, and
enhancement of fatty acid oxidation via the upregulation of
carnitine palmitoyltransferase 1.%>7%*

In this study, the influence of GLP-1 mimotopes on lipid
accumulation was estimated using two liver cell lines, namely,
HepG2 and Huh?7. The liver cells were cultured under 300 uM
oleic acid (OA) for 24 h, and the accumulated cellular fatty acid
vesicles were stained with Oil red O (Fig. 8(a)). The quantitative
amount of accumulated fatty acids in the stained cell lysate was
estimated by measuring the absorbance at 510 nm. The influ-
ence of GLP-1 mimotopes on fatty acid accumulation was
evaluated by treating GLP-1 mimotopes with OA. For HepG2,
the level of fatty acids decreased to 28.7 and 28.3% for Fv-5 and
Fv-8, respectively, compared to the level of fatty acids without
mimotope treatment. When Ex-4 was used as a positive control,
the level of fatty acids decreased to 27.8%, as shown in Fig. 8(b).
The same experiment was conducted using Huh7, wherein the
level of fatty acids decreased to 28.3 and 33.3% for Fv-5 and Fv-
8, respectively, compared to the level of fatty acids without
mimotope treatment. When Ex-4 was used, the fatty acid levels
decreased to 26.0%, as shown in Fig. 8(c). These results showed
that GLP-1 mimotopes in the structure of the Fv-antibody
effectively prevented the accumulation of cellular fatty acids,
similar to that with Ex-4.

The effect of GLP-1 mimotopes on protein expression post-
treatment was analyzed via mRNA expression analysis. Differ-
entially expressed genes were identified in HepG2 cells treated
with Fv-5, Fv-8, or Ex-4 in combination with OA relative to OA-
treated HepG2 cells. From a total of 19925 genes, those
exhibiting a fold change >1.5 and a p-value <0.05 were
considered significantly dysregulated. Compared to untreated
HepG2 cells, OA treatment led to significant dysregulation of

This journal is © The Royal Society of Chemistry 2026
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Table 4 Interactions of GLP-1R with GLP-1, GLP-1 mimotopes (Fv-5 and Fv-8), and Ex-4 identified by molecular docking analyses
Electrostatic Binding affinity
Agonist Hydrogen bond Hydrophobic interaction interaction (keal mol ™)
GLP-1 L321 Y887 R1211 E1381 K1977 W297y T298; R299y W306 W397 L897 L1187 L123y C126; L142: L2011 E128y E139 —13.5
M2047 Y2417 I3097 R3101 I3}13
Fv-5 (CDRa) L142) Q2347 W2971 T2981 R299y N3001 F367 VZ377 W306v R3101 L314 K197v E364v E387 —8.0
Fv-8 (CDRS) T297 K1977 C2967 W297 Ll427 L2017 Y2051 F3851 L388 El38y E139 —8.1
Ex-4 V30y L32y R1217 E138y E139y H2121 W297y R2991 F367 VSBy P907 L1427 L2017 A2081 I3131 F385 T291 W39 —10.1
(@ (a)
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Fig. 8 Inhibitory effect of GLP-1 mimotopes on oleic acid-induced lipid
accumulation in liver cell lines (HepG2, Huh?). (a) Oil Red O staining of
HepG2 cells and Huh7 cells treated with GLP-1 mimotopes (Fv-5, Fv-8) or
Ex-4 under 300 uM oleic acid for 24 h. Quantification of intracellular fatty
acid accumulation in (b) HepG2 and (c) Huh7 cells under the same
conditions.

1953 genes. Additionally, co-treatment with OA and Fv-5, Fv-8,
or Ex-4 in HepG2 cells significantly altered the expression of
2929, 2680, and 3120 genes, respectively, compared to that of
OA-treated HepGz2 cells. Co-treatment of Fv-5 with OA exhibited
a transcriptional dysregulation pattern more similar to that of
Ex-4 than that of co-treated Fv-8 with OA (Fig. 9(a)). Transcrip-
tomic analysis revealed that 519 genes were upregulated and
728 genes downregulated in HepG2 cells co-treated with OA
and either Fv-5 or Ex-4. Only 58 genes showed divergent
expression patterns between the two co-treatment conditions.
Similarly, in HepG2 cells co-treated with OA and either Fv-8 or
Ex-4, 503 genes were upregulated, 684 genes were downregu-
lated, and 60 genes exhibited divergent expression patterns
(Fig. 9(b)).

Apoptosis in hepatocytes represents a hallmark of fatty
liver disease.®® In HepG2 cells, a widely used hepatic model,
exposure to OA induces steatosis and concomitantly enhances
apoptotic cell death.®® Transcriptomic profiling identified 277
genes that were significantly dysregulated in HepG2 cells

This journal is © The Royal Society of Chemistry 2026

Fig. 9 Transcriptomic analysis of HepG2 cells co-treated with GLP-1
mimotopes (Fv-5, Fv-8) or Ex-4 and oleic acid. (a) Heatmap of differentially
expressed genes (DEGs; FC > 1.5, p < 0.05) in HepG2 cells treated with
Fv-5, Fv-8, or Ex-4 in the presence of oleic acid (OA), compared to OA-
only treatment. (b) Venn diagrams showing the distribution of upregulated
(red), downregulated (blue), and contra-regulated (green) genes across
Fv-5, Fv-8, and Ex-4 co-treatment conditions.

treated with Fv-5, Fv-8, or Ex-4 with OA compared to those of
the OA-treated controls (Fig. 10(a)). Among these, bcl11b, which
was markedly suppressed upon OA exposure (FC: 0.46 vs. CTL),
exhibited increased levels following treatment with Fv-5 (FC: 2.03
vs. CTL), Fv-8 (FC: 1.76 vs. CTL), and Ex-4 (FC: 1.69 vs. CTL). The
downregulation of bcl11b has been implicated as a driver of
apoptosis.’” Additionally, canonical proapoptotic genes, including
FAS, TNFRSF25, and CASP9, which were transcriptionally upregu-
lated in response to OA-induced lipotoxic stress, were substantially
attenuated by treatment with Fv-5, Fv-8, or Ex-4.5>%%%

In hepatocytes affected by non-alcoholic fatty liver disease
(NAFLD), lipid accumulation is known to correlate with ele-
vated levels of reactive oxygen species (ROS).”® Comparative
transcriptomic analysis revealed that 60 genes were signifi-
cantly dysregulated in Fv-5, Fv-8, and Ex-4 treated with OA in
HepG2 cells relative to OA-treated controls (Fig. 10(b)).

Among these, key antioxidant genes such as GPX1, FOXO3,
and SIRT2, which were typically downregulated following OA
treatment, were notably upregulated upon treatment with
Fv-antibodies.”***

Ferroptosis, an iron-dependent, non-apoptotic form of
regulated cell death, has been increasingly recognized for its

J. Mater. Chem. B
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Fig. 10 Transcriptomic analysis of apoptosis, oxidative stress, and ferrop-
tosis pathways in HepG2 cells co-treated with GLP-1 mimotopes (Fv-5,
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association with ROS generation.”® Emerging evidence has
implicated ferroptosis in the progression of NAFLD.”® In this
context, 65 genes were significantly dysregulated in Fv-treated
with OA versus OA-treated HepG2 cells (Fig. 10(c)).

Recent studies identified the transcription factor BACH1 as
a critical regulator of ferroptosis under oxidative stress.”®
BACH1 expression was elevated following OA treatment; how-
ever, it was significantly suppressed in cells treated with Fv-5,
Fv-8, or Ex-4, suggesting a potential mechanism by which these
compounds modulated ferroptotic pathways in NAFLD. Data-
base for Annotation, Visualization, and Integrated Discovery
(DAVID) functional annotation analysis was conducted to eval-
uate the impact of the Fv-antibodies. Analysis comparing Fv-5
and OA co-treated HepG2 cells with OA-treated controls

View Article Online
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identified significant dysregulation of genes associated with
key biological processes (Gene ontology (GO) terms of BP).
Impaired calcium signaling has recently been recognized as a
key driver of enhanced endoplasmic reticulum (ER) stress,
contributing to hepatic lipid accumulation. This dysfunction
is closely linked to mitochondrial impairment and autophagic
defects, highlighting its potential role in NAFLD.%”%®

Co-treatment with Fv-5 and OA in HepG2 cells results in
significant dysregulation of genes associated with ER calcium
ion concentration, lipid metabolic processes, and autophagy
compared with OA-treated controls (Fig. 11(a)). Co-treatment
with Fv-8 and OA leads to marked alterations in gene expres-
sion linked to autophagy, lipid metabolism, and ROS pathways
(Fig. 11(b)). Co-treatment with Ex-4 and OA resulted in the
dysregulation of pathways commonly observed with Fv-5 and
Fv-8 (Fig. 11(c)). Comparative transcriptomic analysis identified
743 genes that were consistently dysregulated in HepG2 cells
treated with Ex-4, Fv-5, or Fv-8 compared to those in OA-treated
controls.

Among these, 273 genes were upregulated, 445 genes were
downregulated, and 25 genes exhibited opposite expression.
GO analysis of these genes showed significant enrichment in
lipid-associated pathways, including the apoptotic pathway,
pathways related to autophagy, and the MAPK signaling path-
way (Fig. 11(d)). Consistently, KEGG pathway analysis further
confirmed the involvement of these genes in the MAPK signal-
ing pathway, which regulates various aspects of hepatic meta-
bolism. MAPK activation in response to cellular stress impairs
the action of insulin and disrupts lipid metabolism. In mouse
models with MAPK pathway abnormalities, increased hepatic
triglyceride accumulation led to the development of hepatic
steatosis (Fig. 11(d)).”>*%°

Additionally, genes associated with the Rap1 signaling path-
way were dysregulated. This pathway plays a critical role in the
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Fig. 11 Gene ontology (GO) and KEGG pathway analysis of dysregulated genes in HepG2 cells co-treated with GLP-1 mimotopes (Fv-5, Fv-8) or Ex-4
and oleic acid. GO biological process (BP) analysis of genes dysregulated by co-treatment of OA with (a) Fv-5, (b) Fv-8, and (c) Ex-4. (d) GO enrichment
analysis of commonly dysregulated genes among Fv-5, Fv-8, and Ex-4 treatments (left), and KEGG pathway enrichment analysis of the same gene set

(right).
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regulation of hepatocyte and adipose tissue functions, and its
impairment is linked to liver steatosis, glucose intolerance,
insulin resistance, and excessive fat accumulation.'®® The GO
term analysis of the disease category identified genes asso-
ciated with intrahepatic cholestasis (P < 0.05), suggesting its
potential implications.

4. Conclusions

In this study, GLP-1 mimotopes were screened from an Fv-anti-
body library using a monoclonal anti-GLP-1 antibody. The
screened amino acid sequences (CDR3 sequences, 11 residues)
were synthesized into peptides and expressed as Fv-antibodies
co-expressed with GFP. The Ky, values of GLP-1 mimotopes were
analyzed using an SPR biosensor, and K, was determined to be
71.3 nM for Fv-5 and 62.8 nM for Fv-8, which was similar to that
of Ex-4 (66.1 nM). The Ky, of synthetic peptides was estimated to
be higher than that of Fv-antibodies. These results confirmed
that the two Fv-antibodies had a comparable Ky, in comparison
to that of Ex-4. The inhibitory activity of the GLP-1 mimotopes
(synthesized peptides and expressed Fv-antibodies) was ana-
lyzed by measuring cAMP production and insulin secretion in
beta-TC-6 cells. The ECs, values indicated that GLP-1 mimo-
topes in the structure of Fv-antibodies had higher agonist
activity than synthesized peptides with the same CDR3 amino
acid sequences. This difference in agonist activity results from
differences in Kp between the Fv-antibodies and synthesized
peptides.

In addition, the glucagonostatic activity of the expressed Fv-
antibodies was evaluated in alpha-TC-1 clone 6 cells by measur-
ing glucagon secretion under low- and high-glucose conditions.
To further assess their activity in a more physiologically rele-
vant model, o/p co-spheroids composed of alpha-TC-1 clone 6
and beta-TC-6 cells were established, and intracellular cAMP
accumulation as well as insulin and glucagon secretion were
quantified. Moreover, GLP-1R downstream signaling was exam-
ined in beta-TC-6 cells by western blot analysis of AKT and
ERK1/2 phosphorylation.

The molecular docking analyses supported the agonist
function of GLP-1 mimotopes by demonstrating their effective
binding to the active conformation of GLP-1R. Both Fv-5 and
Fv-8 engaged key residues involved in GLP-1 binding with
binding affinities of —8.0 and —8.1 kcal mol ', respectively.
These findings suggested that GLP-1 mimotopes mimicked the
binding characteristics of GLP-1 and contributed to receptor
activation through similar molecular interactions.

The effect on fatty acid accumulation was analyzed using
liver cell lines, such as HepG2 and Huh7. Both cell lines
showed that the level of fatty acids decreased to 28-33% in
comparison with the level of fatty acids without mimotope
treatment (Ex-4 reduced 26.0%).

These results confirmed that GLP-1 mimotopes in the
structure of the Fv-antibody could effectively prevent the accu-
mulation of cellular fatty acids as high as Ex-4. The effect of
GLP-1 mimotopes on protein expression was analyzed by the

This journal is © The Royal Society of Chemistry 2026
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mRNA expression analysis of OA-treated HepG2 cells. Compara-
tive transcriptomic analysis revealed that 743 genes were
significantly dysregulated in Fv-5, Fv-8, and Ex-4 treated with
OA in HepG2 cells in comparison with only OA-treated controls.
Several genes have been reported to play critical roles in
regulating hepatocyte and adipose tissue functions linked to
liver steatosis, glucose intolerance, insulin resistance, and
excessive fat accumulation.
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