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Abstract: G protein-coupled receptors (GPCRs) play important roles by transmitting signals when they bind to spe-
cific ligands in human. Dysregulation of the GPCRs has been associated to metabolic diseases, inflammatory and 
cancers, and making them key targets for therapeutic intervention. The structural characterization of GPCR-ligand 
interactions remains challenging due to the difficulty in obtaining complex structures. In this study, we chose CXC 
chemokine receptor 4 (CXCR4), a member of the GPCR family, as the receptor and employed AlphaFold3 to predict 
the interaction sites between ligands and GPCRs. The results show that the extracellular loop 2 (ECL2) region is cru-
cial for CXCL12-CXCR4 interactions. Using this epitope-guided approach, we selected antibodies from a combinato-
rial library that bind to CXCR4 and block CXCL12 signaling. Two antibodies, C5 and F4, were found to inhibit CXCL12 
signaling in reporter cell lines. Furthermore, these antibodies also exhibited antibody-dependent cellular cytotoxicity 
against the acute T cell leukemia cell line and the B cell lymphoma cell line. This approach provides a promising 
way to develop effective antibodies for treating CXCR4-expressed cancer cells, as well as for other diseases linked 
to GPCR dysfunction.
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Introduction

G protein-coupled receptors (GPCRs) are one of 
a large family, consisting of more than 800 
members, distributed in various organs and tis-
sues of the human body, including the central 
immune system, and cardiovascular system. 
GPCRs exhibit a conserved structure character-
ized by an extracellular N-terminal segment, 
seven transmembrane regions, and a cytoplas-
mic C-terminal region. These receptors are 
capable of sensing a diverse array of ligands, 
including peptides, and proteins. Upon binding 
with these ligands, GPCRs undergo conforma-
tional changes that activate intracellular signal-
ing pathways [1, 2]. The binding of an agonist to 

a GPCR induces a conformational change, facil-
itating interaction with heterotrimeric G pro-
teins. This activation prompts the exchange of 
guanosine diphosphate (GDP) for guanosine 
triphosphate (GTP) and the dissociation of G 
protein subunits. The Gα and Gβγ subunits then 
activate downstream signaling pathways, alter-
ing intracellular levels of cyclic adenosine 
monophosphate (cAMP) or calcium and influ-
encing physiological processes. This illustrates 
the vital role of GPCRs in cellular signaling [2-5]. 
Dysregulation of the GPCRs is associated with a 
number of metabolic diseases, autoimmune, 
inflammatory diseases and cancers, therefore 
the GPCR is often targeted for treatment of 
many diseases for drug targets [6-9]. The devel-
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opment of effective and specific therapeutic 
agents targeting GPCRs poses a significant 
challenge. This challenge is primarily attributed 
to the inherent difficulty in purifying and crystal-
lizing GPCRs, which is a consequence of their 
complex transmembrane structures [10, 11]. 
This difficulty and complexity limit the determi-
nation of their complete structures, which is 
crucial for drug design. Recent advances in arti-
ficial intelligence (AI)-driven protein structure 
prediction, such as AlphaFold3 (AF3) by Deep- 
Mind and approaches developed by David 
Baker’s group, have revolutionized this field 
[12-16]. AF3 represents a major breakthrough 
in AI-driven structural biology, enabling precise 
predictions of multi-molecular interactions, 
including ligand-receptor binding sites. These 
AI methods significantly accelerate protein and 
antibody discovery by providing accurate struc-
tural insights.

Antibody therapy has become a major new drug 
class developed in recent years due to its high 
specificity and low adverse effects, and more 
than 100 antibodies have been approved and 
many are in clinical trials [17-21]. Most antibod-
ies was isolated and developed from hybrid-
oma and combinatorial antibody library [22]. 
The advantage of combinatorial antibody library 
leverages the immense diversity of binding  
molecules, thus allow researchers to facilitate 
basic studies and isolate clinical candidates 
with optimal binding and functional properties 
in vitro screening experiments. Antibodies 
selected from these libraries exhibit a range of 
mechanisms, functioning as neutralizers, ago-
nists, or antagonists [23-27]. The combinatori-
al antibody library is still an important tool 
applied for biomedical applications.

CXC chemokine receptor 4 (CXCR4) is a GPCR 
that was first identified as a coreceptor for 
human immunodeficiency virus (HIV), and was 
later reported to associated, leukocyte traffick-
ing and cancers [28-31]. CXCR4 binds to its 
ligand CXCL12, also known as stromal cell-
derived factor 1 (SDF-1) and mediates tumor 
growth and metastasis. Recent studies showed 
that CXCR4-CXCL12 axis also modulate the 
immune microenvironment in cancer e.g. pan-
creatic cancer and AML (Acute myeloid leuke-
mia) and inhibition of the CXCR4-CXCL12 path-
way enhanced T cell access to the tumor micro-
environment. These insights suggest that tar-

geting the CXCR4-CXCL12 axis could be a 
transformative strategy for improving cancer 
immunotherapy and patient outcomes [32, 33]. 
In addition, CXCR4 mediates CD47 internaliza-
tion and downstream antitumor in a mouse 
model of mesothelioma [34]. Taken together, 
these findings support that targeting the 
CXCR4-CXCL12 axis offers the possibility of 
affecting CXCR4-expressing cancer cells, mod-
ulating immune responses, or synergizing with 
other targeted anti-cancer therapies [33].

In this study, GPCRs and their ligands are criti-
cal therapeutic targets for numerous diseases. 
However, structural characterization of GPCR-
ligand interactions remains challenging due to 
the difficulty in obtaining complex structures. 
We chose CXCR4 and employed AF3 to predict 
the interaction sites between ligands and fur-
ther for antibody selection. This approach may 
provide a promising way to develop effective 
antibodies for treating CXCR4 expressed can-
cer cells and for applications in other diseases 
associated with GPCR dysfunction.

Materials and methods

Reagents and cell culture

HEK293T cells was maintained in DMEM medi-
um (Gibco #119650) with 10% FBS. The Free- 
Style 293-F cells (Invitrogen) was cultured in 
FreeStyle293 Expression Medium (#K900001, 
Invitrogen). CXCR-4 overexpressed 293T cells 
was generated by lentivirus contain CXCR4 
sequence (UniProt, P61073) and maintain in 
DMEM medium with 10% FBS. The Tango 
CXCR4-bla U2OS cell line (#K1779; Thermo 
Fisher Scientific) was maintain according to the 
manufacturer’s instructions. The Jurkat and 
Romas cells were maintained in RPMI 1640 
medium with 10% FBS.

Model CXCR4-CXCL12 complex structure

We utilized AlphaFold 3 server (https://alpha-
foldserver.com/) to predict the structure of the 
CXCR4-CXCL12 complex. We retrieved amino 
acid sequences of CXCR4 (P61073) and 
CXCL12 (P48061) from Uniprot databank. In 
order to obtain a high-confidence structural 
model and assess reproducibility, the template 
sequence was loaded as input in alphafold 
server for twenty times. The resulting models 
were evaluated based on the confidence met-
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rics as predicted Local Distance Difference 
Test (pLDDT), interface predicted Template 
Modelling score (ipTM), and predicted Template 
Modelling score (pTM), Root-Mean-Square 
Deviation (RMSD) consistency, and overall 
structural stability. The model with the highest 
confidence score and structural quality was 
chosen for further analysis. We further ana-
lyzed essential interactions of extracellular 
regions of the CXCR4 by using a distance cut 
off <4 Å from CXCL-12 in pyMOL. Further, we 
validated our predicted AF3 structure by align-
ing it with the Cryo-EM structure. To determine 
the structural similarity, RMSD and Cα RMSD 
values for the superimposed structure were 
generated using pyMOL. To visualize and ana-
lyze the structural details, all graphical repre-
sentations of the protein models were generat-
ed using PyMOL version 2.5.5 (Schrödinger, 
LLC).

The selection of CXCR4 antibody from combina-
torial antibody library. The peptide consisting of 
ECL2 of CXCR4 (ANVSEADDRY ICDRFYPNDLW) 
with biotin labeled was synthesized (Genscript), 
and used for phage panning. The panning  
procedure followed a modified protocol as 
described previously [35]. Briefly, the amplify 
phage particles displaying a combinatorial scFv 
antibody library with 1011 diversity were incu-
bated with ECL2 antigen. Streptavidin coated 
magnetic beads (1:1000 dilution; #21925, 
Pierce) were then added to the solution to pull 
down the phage-bound biotinylated antigen. 
Bound phages were eluted with glycine-HCl  
(pH 2.7) after 3 washes with PBST (0.05% 
TWEEN20 in PBS pH 7.4). To remove unbound 
phages, and used in the following infection of 
XL-1 blue cells (#200228; Agilent). The infected 
cells were used for next round of panning in the 
presence of helper phage VCSM13 (Agilent 
#200251). After three to four rounds of enrich-
ment, the colonies were picked and confirmed 
by phage ELISA. The positive clones were 
picked for DNA sequencing. The six indepen-
dent sequences were confirmed. The VH and VL 
families were analyzed by the international 
ImMunoGeneTics information system (IMGT).

ELISA

NetruAvidin (#31000; Thermo Scientific) was 
diluted in carbonate-bicarbonate buffer to a 
final concentration of 2 µg/ml in 96-well ELISA 

plates (Corning Costar) at 4°C overnight. The 
next day, the wells were washed with TBST buf-
fer (0.05% TWEEN20 in TBS pH 7.4). All pep-
tides are synthesized with biotin at the C- 
termination. N-terminal peptide (MEGISIYTSD- 
NYTEEMGSGDYDSMKEPCFR EENANFNK), EC- 
L1 peptide (ANWYFGNFLCK), ECL2 peptide 
(ANVSEADDRY ICDRFYPNDLW), ECL3 peptide 
(DSFILLEIIKQGCEFENTVHK). Add 100 ng of 
N-terminal peptide, ECL1, ECL2 and ECL3 per 
well in TBS at pH 7.4, incubate for 1 hour, and 
then block with 5% milk at 37°C for 1 hour. 
After the washing step, add 50 μL of phage 
samples or purified antibody to each well, incu-
bate for 1 hour, and then wash. Anti-M13 HRP 
conjugated secondary antibody (1:5,000 dilu-
tion; #11973-MM05T-H, Sino) or anti-human Fc 
HRP conjugated secondary antibody (1:10,000 
dilution; #A80-104, Bethyl) was added to the 
wells, incubated for 1 hour, and then washed 5 
times with TBST, and then 50 μL of TMB solu-
tion (T4444, Sigma) was added to each well. 
Then add 50 μL of TMB solution (#116843- 
02001; Roche). Absorbance was measured at 
405 nm on a plate reader (PerkinElmer).

Expression of CXCR4 antibodies

The candidate scFv antibodies were cloned  
into a pFuse expression vector (#pfuse-hg1; 
InvivoGen) for expression of scFv-Fc proteins 
with the entire Fc domain of human IgG1. For 
antibodies in the full-length IgG1 format, vari-
able regions of heavy chain and light chain (VH 
and VL) from the scFv sequence were cloned 
into plasmids with the complete constant 
domains of IgG1 heavy chain and light chains. 
The FreeStyle 293-F cells were transfected 
with the scFv-Fc expression plasmid or co-
transfected with equimolar heavy and light 
chain plasmids and cultured for 5 days. Anti- 
bodies in the culture medium were purified by 
HiTrap Protein A HP column (#17-0403-03; GE 
Healthcare) from ÄKTA express purifier (GE 
Healthcare) and protein concentration was 
determined using a nanodrop spectrophoto- 
meter.

Flow cytometry

The 293T-CXCR4 stable cell line was generated 
by lentivirus, and 293T cells (5×105) were 
stained with 1 μg of dissociated CXCR4 anti-
body in 100 μL of FACS buffer (PBS with 1% 
FBS), incubated for 30 min in an ice bath for 30 
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min, and the cells were washed twice with FACS 
buffer and incubated for 30 min at 4°C with 
secondary antibody Alexa FluorTM 488 goat 
anti-human IgG (H + L) (1:1000; #A11013, 
Invitrogen) for 30 min. After washes with FACS 
buffer, the cells was analyzed by using CytoFLEX 
S (Beckman Coulter).

Cell cytotoxicity assay

The PBMCs were collected from blood samples 
of healthy donors, the cancer cell were incu-
bate with CXCR-4 antibodies and PBMC. The 
cytotoxicity was was measured by lactate dehy-
drogenase (LDH) release using CytoTox 96® 
Non-Radioactive Cytotoxicity Assay (Promega, 
G1780). and LDH release was measured 
according to the manufacturer’s instructions.

Tango CXCR4-bla reporter assay

The Tango CXCR4-bla U2OS cells contain the 
human CXCR4 linked to a TEV protease site and 
a Gal4-VP16 transcription. Once ligands bind to 
hCXCR4 and trigger desensitization of mem-
brane, the intracellular arrestin-protease fusion 
protein is recruited to the activated receptor 
gene. In this reporter cells Tango™ CXCR4-bla 
U2OS (#K1779, Thermo). Briefly, Tango CXCR4-
bla U2OS cells were plated at around 20,000 
cells per well for overnight. The CXCL12 were 
mixed with to measure their agonist effects. For 
inhibition studies of CXCR4 antibody, cells were 
first treated with antibody for 30 min, then 20 
nM CXCL12 was added for three to four hours. 
The assay was followed the manufacturer’s 
instruction, the LiveBLAzer FRET-B/G Loading 
Kit (#K1030; Invitrogen) was add and the deter-
mine the fluorescence 520/477 nm by using 
fluorescence plate reader.

Results

Expression of CXCR4 in cancer and normal 
cells

To investigate the expression levels of CXCR4 in 
cancer, we conducted an analysis of mRNA lev-
els derived from patients and corresponding 
standard samples, utilizing data from The 
Cancer Genome Atlas (TCGA) which provides 
RNA sequencing (RNA-seq) information. The 
expression profiles of CXCR4 in various tumor 
types compared to paired normal tissues are 
illustrated in Figure 1A and 1B. Our findings 
indicate that the mRNA expression of CXCR4 is 

significantly elevated in several cancer types 
compared to their normal tissue counterparts. 
Notably, we observed marked differences in 
CXCR4 levels between tumor and normal tis-
sues in Breast Cancer (BRCA), Glioblastoma 
Multiforme (GBM), Kidney Renal Clear Cell 
Carcinoma (KIRC), Acute Myeloid Leukemia 
(LAML), Ovarian Cancer (OV), and Pancreatic 
Adenocarcinoma (PAAD), with statistical signifi-
cance established at P<0.05. These results 
underscore the critical role of CXCR4 in cancer 
pathogenesis

Prediction of CXCR4-CXCL12 binding region 
using AlphaFord3

Since GPCRs are difficult to purify and crystal-
lize due to their complex transmembrane  
structures. This complexity hinders the deter-
mination of their complete structures, which is 
crucial for drug design. Therefore, we utilized 
the protein structure prediction tool AF3 to  
generate an accuracy model of the CXCR4-
CXCL12 complex, we have chosen high score 
model with ipTM and pTM scores of 0.78 and 
0.79, respectively. This high-confidence model 
reveals key molecular interactions critical for 
ligand binding, as shown in (Figure 2A and 2B). 
Among the three key extracellular loops (ECL1, 
ECL2, and ECL3), ECL2 was identified as the 
most significant for ligand binding based on 
major interacting residues (Figure 2C). Our 
structural analysis revealed several interface 
residues in CXCR4-S178, C186, I185, D187, 
and F189 that participate in salt bridge forma-
tion, hydrophobic interactions, and hydrogen 
bonding with CXCL12. Specifically, a salt bridge 
is formed between D187 of CXCR4 and K1 of 
CXCL12 and polar interaction is found between 
C186 of CXCR4 with K1 of CXCL12, while a 
hydrophobic core is established by F189 and 
I185 of CXCR4 interacting with P32 and Y7 of 
CXCL12. Additionally, two hydrogen bonds are 
observed, with D181 of CXCR4 interacting with 
N30 of CXCL12, and S178 of CXCR4 forming a 
bond with N33 of CXCL12. In addition, although 
ECL1 has one amino acid interaction with 
CXCL12 and ECL3 has two amino acid interac-
tions, as shown in (Figure 2D, 2E). Based on 
the results of the (Figure 2C) analysis, we con-
sider that ECL2 is the major region for ligand 
specificity. Our study highlights ECL2 as the 
important CXCL12 recognition site, providing 
valuable insights for antibody selection target-
ing the CXCR4 receptor.



Selection of GPCR targeting antibody via Alphafold3

2131 Am J Cancer Res 2025;15(5):2127-2139

Selection and characterization of isolated 
CXCR4-targeting antibodies

A schematic illustration of the CXCR4 receptor 
is shown in (Figure 3A), highlighting its key 
structural regions. The extracellular (EC) region 
includes the N-terminus and three extracellular 
loops (ECL), while seven transmembrane heli-
ces connect these loops. From AF3 result indi-
cate that ECL2 of CXCR4 was shown for CXCL12 
recognition, it presents a promising region for 
antibody selection against the CXCR4 receptor. 
To explore this, we synthesized the biotinylated 
ECL2 peptides and utilized it as a target in four-
round biopanning process using a single-chain 

variable fragment (scFv) combinatorial anti-
body library containing approximately 1011 

members. Following the panning process,  
multiple phage clones were identified, and 
sequencing analysis revealed several scFv can-
didates that exhibited high enrichment across 
the rounds. These enriched scFv sequences 
were subsequently sub-cloned into a pFuse 
expression vector for mammalian expression 
(Figure 3B). The purified recombinant antibod-
ies were then subjected to enzyme-linked 
immunosorbent assay (ELISA) screening to 
assess their binding affinity against the ECL2 
peptide as well as other CXCR4-related pep-
tides, N-terminus peptide and ECL1-3. The 

Figure 1. Comparison of CXCR4 between tumor samples and paired normal tissues. A. Expression of CXCR4 in 
tumor and normal tissues. Each dot represents expression of tumor type (red) or normal tissue (black). *P<0.05. 
Kaplan-Meier plots of overall survival for patients with pancreatic cancer concerning the expression levels of SSEA-4 
antigen. Abbreviations: ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive 
carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcino-
ma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B cell lymphoma; ESCA, esophageal 
carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromo-
phobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid 
leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, 
lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic 
adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum 
adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, tes-
ticular germ cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; 
UCS, uterine carcinosarcoma. B. For BRCA, GBM, KIRC, LAML, OV, PAAD, normal tissues from the GTEx database 
were used as controls. *, P<0.05.
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result (Figure 3C) showed the six scFv antibod-
ies was confirmed their specificity for the ECL2 
of CXCR4. Further characterization of the 
selected antibodies was performed using fluo-
rescence-activated cell sorting (FACS) to deter-
mine their ability to recognize membrane-
bound CXCR4 in a cellular context. The result 
(Figure 3D) show that five scFv antibodies dem-

onstrated binding to CXCR4-overexpressed 
293T cells, confirming their specificity for the 
CXCR4. These results indicate the successful 
isolation of antibody clones that selectively rec-
ognize the ECL2 region of CXCR4, providing 
potential candidates for further characteriza-
tion into their potential to inhibit CXCL12-CXCR4 
interactions.

Figure 2. Predicted structure and interactions between CXCR4 and CXCL12 using AlphaFold3. A. The overall struc-
ture of the CXCR4-CXCL12 complex. B. A close-up view of the complex, with ECL1, ECL2 and ECL3 colored orange, 
brown and pink, respectively. C. ECL2 interactions with CXCL12, ECL2 and CXCL12 are represented in cartoon in 
maroon and blue color. Detailed residues interactions observed in the model. D. ECL1 interactions with CXCL-12, 
ECL1 and CXCL12 are represented in cartoon in orange and blue color respectively. E. ECL3 interactions with CXCL-
12, ECL3 and CXCL-12 are represented in cartoon in pink and blue color. Hydrogen bonds are represented in red 
lines.



Selection of GPCR targeting antibody via Alphafold3

2133 Am J Cancer Res 2025;15(5):2127-2139

the parental line.This reporter cell system 
allows for real-time monitoring of CXCR4 activa-
tion upon ligand stimulation. In the assay, 
CXCR4 reporter cells were treated with the nat-
ural ligand CXCL12 in the presence or absence 
of the isolated CXCR4 antibodies to evaluate 
their agonistic or antagonistic effects. The C5 
antibody exhibited strong inhibitory activity 
against CXCL12-induced β-arrestin recruit-
ment, effectively blocking downstream CXCR4 
signaling. The F4 antibody also demonstrated 
partial inhibition of the signaling pathway. 
These result as shown as (Figure 4) suggest 
that C5 and F4 antibodies can modulate CXCR4 

Figure 3. Selection and characterization of CXCR4-targeting antibodies from a phage display antibody library. A. 
Schematic representation of the CXCR4 receptor, highlighting the extracellular and intracellular regions. The EC 
region comprises the N-terminus and three extracellular loops (ECL1-ECL3). The seven transmembrane helices 
connecting these loops are also depicted. B. Strategy for the selection of CXCR4-targeting antibodies using an 
epitope-directed biopanning approach. The ECL2 region of CXCR4 was used as the primary epitope for four rounds 
of biopanning against a phage-displayed antibody library. Following selection, ELISA screening was performed to 
identify antibodies with specificity for ECL2. C. Validation of ECL2-specific antibody binding using biotinylated syn-
thetic peptides corresponding to the N-terminal region (N-ter), ECL1, ECL2, and ECL3 of CXCR4. Binding specificity 
was confirmed by ELISA, demonstrating preferential recognition of ECL2 over other extracellular regions. D. Flow 
cytometric analysis of selected antibodies to assess binding to CXCR4 in 293T cells overexpressing CXCR4.

Evaluation of CXCL12-induced CXCR4 signal-
ing inhibition by isolated CXCR4-targeting an-
tibodies

To determine whether isolated CXCR4-targeting 
antibodies inhibit CXCL12 binding and subse-
quent CXCR4-mediated signaling, we utilized 
Tango CXCR4-β-lactamase (bla) U2OS reporter 
cells for evaluation. These reporter cells stably 
express human CXCR4 associated with a TEV 
protease site and a Gal4-VP16 transcription 
factor. Additionally, a bla reporter gene regulat-
ed by a UAS response element and a β-arrestin/
TEV protease fusion protein are expressed by 
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Figure 4. Evaluation of CXCL12-induced CXCR4 sig-
naling inhibition by isolated CXCR4-targeting antibod-
ies. Tango CXCR4-bla U2OS reporter cell line was use 
for evaluation of CXCL12-induced CXCR4 signaling. 
CXCL12 and isolated CXCR-4 antibodies were mixed 
with the reporter cells at 37°C to measure their ago-
nist effects following the manufacturer’s instruction.

signaling by preventing natural ligand-induced 
activation, highlighting their potential for thera-
peutic applications targeting CXCR4-driven 
pathways.

CXCR4-targeting antibody induces antibody-
dependent cell-mediated cytotoxicity in cancer 
cell lines

To evaluate the ability of isolated CXCR4-
targeting antibodies to induce immune-mediat-
ed cytotoxicity, we performed antibody-depen-
dent cell-mediated cytotoxicity (ADCC) assays 
using acute T cell leukemia cell line and B lym-
phoma cell line. The cytotoxic activity of the 
antibodies was assessed in the presence of 
peripheral blood mononuclear cells (PBMCs), 
which provided natural killer (NK) cells and 
monocytes as effector cells. An effector-to-tar-
get (E:T) ratio of 10:1 was used, and cell death 
was quantified by measuring lactate dehydro-
genase (LDH) release. As shown in (Figure 5), 
the C5 and F4 antibody mediated ADCC in T cell 
leukemia cell line Jurkat, B lymphoma cell line 
Romas when co-cultured with donor PBMCs. 
These results demonstrate that the C5, F4  
antibody can trigger immune-mediated killing 

of CXCR4-expressing cancer cells, highlighting 
its potential therapeutic application in targeting 
hematological malignancies.

Superimposed structure of experimental struc-
ture and Alphafold3 structure

We performed a structural comparison by 
superimposing the experimentally determined 
Cryo electron microscopy (cryo-EM) structure of 
the CXCR4/CXCL12 complex (PDB ID: 8k3z) 
and the computationally predicted model using 
AF3. This superimposition was carried out to 
assess the protein topology and validate the 
accuracy of the AF3 model. The cryo-EM struc-
ture is depicted in yellow and orange, while the 
AF3-predicted model is shown in blue and 
green. The results, as illustrated in (Figure 6A), 
demonstrate that the predicted model closely 
aligns with the experimental cryo-EM complex 
structure. The structural alignment analysis 
reveals a root mean square deviation RMSD of 
1.5 Å, and Cα RMSD value of 1.3 Å, indicated a 
high degree of structural similarity between the 
two models. Additionally, we performed an 
analysis to superimpose specific binding inter-
face of CXCR4 (ECL2) region, the result (Figure 
6B) show that RMSD value of 0.5 Å and Cα 
RMSD of 0.3 Å, demonstrating high structural 
consistency on the specific interface. We also 
superimposed interacting residues of cryo-EM 
structure regions with AF3 structure, the results 
(Figure 6C) showed that the primary interac-
tions between CXCR4 and CXCL12 observed in 
the cryo-EM structure closely align with those 
predicted by AF3. This consistency highlights 
the reliability of the AF3-generated model in 
accurately predicting the overall structure of 
CXCR4 and its interaction with CXCL12. 
Furthermore, these findings support the use of 
AF3 as a powerful tool for structural modeling, 
facilitating the identification of key interaction 
sites for antibody screening and therapeutic 
development.

Discussion

GPCRs are integral to various physiological pro-
cesses as they facilitate signal transduction fol-
lowing the binding of specific ligands. This inter-
action initiates a cascade of cellular responses, 
highlighting the importance of GPCRs in main-
taining homeostasis and mediating physiologi-
cal functions. The extracellular regions, includ-
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ing the N-terminus and extracellular loops, 
enable the recognition of diverse ligands, lead-
ing to receptor activation. In many physiological 
and pathological conditions, ligand binding 
induces signaling pathway activation, a phe-
nomenon known as biased agonism. This con-
cept has been extensively studied, particularly 
in chemokine receptors. Despite their critical 
roles in physiological processes, dysregulation 
of GPCR signaling has been implicated in 
numerous pathological conditions, including 
autoimmune and inflammatory diseases, as 
well as cancers. Although GPCR are the largest 
drug-targeted, only about 80 GPCRs have been 
drugged with small molecules and mainly with 
peptides associated with natural endogenous 
ligands. The development of effective and spe-
cific therapeutic agents for these important tar-
gets persists as a significant challenge for the 
pharmaceutical industry. GPCRs are difficult to 
purify and crystallize due to their complex 
transmembrane structures. However, the struc-
tural characterization of GPCR-ligand interac-
tions remains challenging due to difficulties in 
obtaining high-resolution co-crystal structures. 
Recent advances in AI, particularly AF3, have 
significantly improved protein structure predic-
tion, offering new insights into molecular inter-
actions. AF3 represents a major breakthrough 
in structural biology by enabling accurate mod-
eling of complex biomolecular interactions, 

including ligand-receptor binding. This capabili-
ty is crucial for drug discovery, also help for 
understanding how ligands interact with 
GPCRs, which can lead to more effective and 
selective therapeutics.

In this study, we showed higher expression lev-
els of CXCR4 and CXCL12 across different can-
cer types, suggesting their potential implica-
tions in cancer therapy. Structural characteriza-
tion of GPCR-ligand interactions remains chal-
lenging due to the difficulty in obtaining com-
plex structures. To address this, we first utilized 
AF3 to generate a complex model and then 
predicted the accuracy of the GPCR-ligand 
binding site. Subsequently, we compared the 
AF3 predictions with the recently reported cryo-
EM structure of the CXCR4-CXCL12 complex 
described by Liu et al [36]. Their study revealed 
that CXCL12 is a flexible ligand capable of 
adopting different binding conformations when 
interacting with CXCR4. Using the cryo-EM 
structure as a reference, we validated our AF3 
predictions and observed minor differences 
between the two models. Despite these minor 
differences in RMSD, the primary interacting 
residues in both structures remain unchanged, 
indicating that AF3 significantly predicts critical 
binding sites. The subtle variations observed 
do not affect the overall integrity of the complex 
and show key structural features and molecular 

Figure 5. Cytotoxicity of isolated CXCR4 antibodies in cancer cell lines. The cancer cells (10,000 per well) and hu-
man peripheral blood mononuclear cells (hPBMCs) (100,000 per well) were incubated with different treatments in 
96-well plates at 37°C. After incubation, LDH release was quantified from 50 μL of media supernatant. Specific kill-
ing was calculated by background subtraction and total lysis comparison according to the manufacturer’s protocol.
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Figure 6. Superposition of Cryo-EM and AlphaFold 3 models of the CXCR4/CXCL12 complex. A. The Cryo-EM struc-
ture of the CXCR4/CXCL12 complex (PDB ID: 8K3Z) is shown in yellow and orange, while the AF3-predicted model 
is shown in blue and green. Structural comparison reveals a root mean square deviation (RMSD) of 1.5 Å, and (Cα 
RMSD) of 1.2 Å confirming the high accuracy of the AF3 model in replicating the overall architecture of CXCR4 
and its interaction with CXCL12. B. Superposition of specific interface of CXCR-4 (ECL2) region with experimental 
structure, both are represented in sticks, showing higher structural similarity with the (RMSD) yield of 0.5 Å and 
(Cα RMSD) of 0.3 Å. AF3 region is represented in cyan and Cryo-EM structure is represented in orange. C. Super-
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recognition patterns within the CXCR4-CXCL12 
complex. These findings led us to focus on the 
ECL2 region for antibody selection, as it plays a 
crucial role in ligand recognition. Targeting 
ECL2 could provide a novel strategy for modu-
lating CXCR4 signaling, offering potential thera-
peutic applications for diseases driven by this 
pathway. The alignment revealed that key inter-
actions observed in the cryo-EM structure 
closely match those predicted by AF3, confirm-
ing its reliability for structural modeling.

In summary, understanding ligand-receptor 
interactions in GPCRs is fundamental for deci-
phering complex signaling networks and recep-
tor dynamics. However, the structural charac-
terization of GPCR-ligand interactions remains 
challenging due to difficulties in obtaining high-
resolution co-crystal structures. Our approach, 
combining epitope-guided antibody selection 
with AF3 predictions, provides an efficient 
strategy to overcome these limitations. Import- 
antly, this methodology can be extended to 
other GPCRs and cellular contexts, offering a 
versatile platform for developing therapeutic 
antibodies. Given the pivotal role of GPCRs and 
their ligands as therapeutic targets in various 
diseases, our results suggest promise for gen-
erating effective antibodies to treat CXCR4-
expressing cancers and other GPCR-related 
disorders.
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