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Novel anti-CEA affibody for rapid tumor-targeting and molecular imaging diagnosis in mice bearing gastrointestinal cancer cell lines









 


	
	
ORIGINAL RESEARCH
published: 09 October 2024
doi: 10.3389/fmicb.2024.1464088








[image: image2]

Novel anti-CEA affibody for rapid tumor-targeting and molecular imaging diagnosis in mice bearing gastrointestinal cancer cell lines

Huanyi Shao1,2†, Kaiji Lv3†, Pengfei Wang3, Jinji Jin3, Yiqi Cai3, Jun Chen2, Saidu Kamara2, Shanli Zhu2, Guanbao Zhu3* and Lifang Zhang2*


1Department of Pediatric Surgery, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

2Department of Microbiology and Immunology, School of Basic Medical Sciences, Institute of Molecular Virology and Immunology, Wenzhou Medical University, Wenzhou, China

3Department of Gastrointestinal Surgery, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

Edited by
 Santi M. Mandal, Indian Institute of Technology Kharagpur, India

Reviewed by
 Diana Spiegelberg, Uppsala University, Sweden
 Chu Tang, Xidian University, China

*Correspondence
 Guanbao Zhu, zgbwmc@126.com 
 Lifang Zhang, wenzhouzlf@126.com

†These authors have contributed equally to this work

Received 13 July 2024
 Accepted 12 September 2024
 Published 09 October 2024

Citation
 Shao H, Lv K, Wang P, Jin J, Cai Y, Chen J, Kamara S, Zhu S, Zhu G and Zhang L (2024) Novel anti-CEA affibody for rapid tumor-targeting and molecular imaging diagnosis in mice bearing gastrointestinal cancer cell lines. Front. Microbiol. 15:1464088. doi: 10.3389/fmicb.2024.1464088
 

Gastrointestinal cancer is a common malignant tumor with a high incidence worldwide. Despite continuous improvements in diagnosis and treatment strategies, the overall prognosis of gastrointestinal tumors remains poor. Carcinoembryonic antigen (CEA) is highly expressed in various types of cancers, especially in gastrointestinal cancers, making it a potential target for therapeutic intervention. Therefore, the expression of CEA can be used as an indication of the existence of tumors, chosen as a target for molecular imaging diagnosis, and effectively utilized in the targeted therapy of gastrointestinal cancers. In this study, we report the selection and characterization of affibody molecules (ZCEA539, ZCEA546, and ZCEA919) specific to the CEA protein. Their ability to bind to recombinant and native CEA protein has been confirmed by surface plasmon resonance (SPR), immunofluorescence, and immunohistochemistry assays. Furthermore, Dylight755-labeled ZCEA affibody showed accumulation within the tumor site 1 h post injection and was continuously enhanced for 4 h. The Dylight755-labeled ZCEA affibody exhibited high tumor-targeting specificity in CEA+ xenograft-bearing mice and possesses promising characteristics for tumor-targeting imaging. Overall, our results suggest the potential use of ZCEA affibodies as fluorescent molecular imaging probes for detecting CEA expression in gastrointestinal cancer.
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1 Introduction

Gastrointestinal cancers are one of the five most common cancers globally. Among them, stomach and colorectal cancers have a high rate of morbidity (25.9 per 100,000; 22.4 per 100,000) and mortality (11.8 per 100,000; 14.6 per 100,000) in eastern Asia, especially in China, Japan, and South Korea (Sung et al., 2021). Although recent advancements and the widespread use of endoscopy have improved the early diagnosis of gastrointestinal tumors, it is still missed as it heavily depends on physicians’ clinical experience and skills (Axon, 2008; Zhang et al., 2016). Surgical resection is the main course of treatment for patients with gastrointestinal tumors. The identification and confirmation of tumor sites and lymph node metastases during surgery mainly depends on the subjective judgment of the doctor. An imprecise judgment has a great impact on the effect of surgical treatment, which may lead to recurrence and metastasis after surgery (Shah and Weissleder, 2005). The current challenges in the diagnosis and surgical treatment may be associated with the poor prognosis of gastrointestinal tumors (Allemani et al., 2018; Wang et al., 2023; Schlick et al., 2020). Therefore, the improvement of diagnostic and surgical accuracy is urgently needed to improve early diagnosis and clinical outcomes for patients. Imaging techniques such as fluorescent molecular imaging can help clinicians display tumor lesions in endoscopic operations and surgeries, enhancing surgical visibility.

Carcinoembryonic antigen (CEA) is a tumor-associated antigen that was initially discovered in 1965 from fetal colon tissue (Gold and Freedman, 1965). CEA is a glycosylated cell surface protein that belongs to the immunoglobulin superfamily adhesion molecules, with a molecular weight of approximately 180–200 kDa, containing a N-terminal Ig V-like domain (N-domain), three Ig-like C2-domains, and a glycophosphatidylinositol (GPI)-membrane-anchored membrane protein (Zimmermann et al., 1987; Thompson et al., 1987; Beauchemin et al., 1987; Hefta et al., 1988). The non-regulated overexpression of CEA plays an important role in the development of many cancer cells, including inhibiting cell loss and apoptosis (Ordoñez et al., 2000), destroying cell polarization and tissue structure (Ilantzis et al., 2002), and inhibiting differentiation procedures (Ilantzis et al., 2002; Eidelman et al., 1993). CEA can also be used as a homotypic or heterotypic adhesion molecule, or in combination with signaling receptors such as DR5 receptors and transforming growth factor-β receptors, which can affect tumor cells or the surrounding interstitial and immune compartments to change their signaling programs to support metastatic progress (Beauchemin and Arabzadeh, 2013). The CEA, which is frequently overexpressed in various gastrointestinal cancers, has become a promising target for tumor diagnostics and targeted therapies (Beauchemin and Arabzadeh, 2013; Nolan et al., 1999).

Affibody molecules are a new class of small (~6.5 KDa) affinity proteins derived from the immunoglobulin G (IgG) binding region of Staphylococcus aureus protein A (SPA) (Uhlén et al., 1984). Based on randomized combination of 13 amino acid residues located within Z-domain scaffold of the IgG-binding region, large libraries can be constructed, from which potent binders can be screened to bind to any given target molecule with high affinity and specificity (Nord et al., 1995; Ståhl et al., 2017). Affibodies have similar binding characteristics and capabilities to antibodies. They possess some unique advantages over antibodies, such as stable physical and chemical properties, fast tumor localization, rapid clearance from blood, and low immunogenicity, making the affibody molecules extremely attractive for many medical applications, including in vivo molecular imaging, receptor signal blocking, and biotechnology applications (Ståhl et al., 2017). To date, more than 500 published studies related to this topic have revealed that affibody molecules targeting approximately 50 different proteins have been selected and used as high-affinity moieties in various medical applications (Zhu et al., 2021). These affibody molecules targeted proteins such as human epidermal growth factor receptor 2 (HER-2) (Baum et al., 2010), vascular endothelial growth factor (VEGF) (Fedorova et al., 2011), epidermal growth factor receptor (EGFR) (Garousi et al., 2016), human epidermal growth factor receptor 3 (HER3) (Schardt et al., 2017), and Epstein–Barr virus latent membrane proteins (EBV LMP1 and LMP2) (Zhu J. et al., 2020; Zhu S. et al., 2020). Affibody molecules have become promising agents for molecular imaging detection and targeted tumor therapy.

In this study, we report the selection and characterization of affibody molecules specific to the CEA protein. By biopanning, enzyme-linked immunosorbent assay (ELISA)-based screening, and DNA sequencing, three potential affibody molecules were obtained (ZCEA539, ZCEA546, and ZCEA919) from a phage display library. Their ability to bind to recombinant and native CEA protein have been confirmed by surface plasmon resonance (SPR), immunofluorescence, and immunohistochemistry assays. Furthermore, Dylight755-labeled ZCEA affibody showed accumulation within the tumor site 1 h post injection and was continuously enhanced for 24 h. The Dylight755-labeled ZCEA affibody exhibited high tumor-targeting specificity in CEA+ xenograft-bearing mice and also possesses promising characteristics that make them suitable for tumor-targeting imaging. We hypothesized that the generation of CEA-binding affibody molecules could accelerate the diagnosis and treatment of gastrointestinal cancer.



2 Materials and methods


2.1 Predicting immunodominant epitopes of CEA

The complete amino-acid sequence of CEA was acquired from the UniprotKB/Swiss-Prot database. The secondary structure of CEA amino acid sequence was analyzed by Garnier–Osguthorpe–Robson (GOR4) (Garnier et al., 1996), Self-Optimized Prediction Method (SOPMA) (Geourjon and Deléage, 1995), and Protein Secondary Structure (PSS) provided on the EXPASY server. Hydrophilicity, polarity, flexibility, accessibility, and antigenicity of CEA protein were analyzed by the methods of Hopp and Woods (1981), Zimmerman et al. (1968), Emini et al. (1985), and Jameson and Wolf (1988), respectively. Transmembrane domains were analyzed by TransMembrane prediction using Hidden Markov Models (TMHMM). Combined with the prediction results, the antigenicity index established by Jameson and Wolf (1988) was used to comprehensively evaluate the immunodominant B-cell epitopes of CEA and preliminarily select the target peptide for screening. Subsequently, the target peptide was analyzed with the NetCTL 1.2 webserver to find the dominant cytotoxic T-lymphocyte (CTL) epitope.



2.2 Construction of phage display library of the Z domain from staphylococcal protein A

A phage display library was constructed as described previously (Xue et al., 2016). Affibody proteins were selected from a phage display combinatorial library containing 13 randomized amino acid residues in helices 1 and 2 of the Z domain. A wild SPA-Z scaffold was used as a template for polymerase chain reaction (PCR) with the random primers designed based on the corresponding sequences to the helical regions. Then, the gene fragments were digested by restriction endonucleases Sfi I and Not I (Thermo Fisher Scientific, Boston, MA) and cloned to the phagemid vector (pCANTAB5E) to construct the recombinant phagemid vector (pCANTAB5E/SPA-N). The recombinant phagemids were transformed into competent Escherichia coli TG1 cells, with a library complexity of 1 × 109 and 100% diversity in SPA-Z scaffold. Then, for an assessment of the affibody library capacity, phage stocks were resuspended and stored in sterile phosphate-buffered saline (PBS)/glycerol (20% v/v) at −80°C.



2.3 Phage display selection of potential affibody molecules targeting CEA

A synthetic peptide (Shanghai Bootech BioScience & Technology Co., Ltd., Shanghai, China) with the dominant immune epitope of CEA 148–175 amino acids was used as a target for three rounds of biopanning and enzyme-linked immunosorbent assay (ELISA). In brief, phage selection of the binders to the CEA (148–175 amino acids) peptide was performed in an immunotube as previously described (Aavula et al., 2011). ELISA was used to further measure their binding affinities to the target peptide as described by Xue et al. (2016). After DNA sequencing, the sequences of the inserted fragments in the selected phages were designated as potential affibodies with high binding affinity and selectivity to CEA recombinant protein.



2.4 Expression and purification of CEA-binding affibody molecules

The DNA sequences encoding the selected CEA-binding affibody molecules (ZCEA539, ZCEA546, and ZCEA919) and wild SPA-Z scaffold (ZWT) were subcloned into E. coli expression vector pET21a (+) with the addition of His6 tag. The recombinant plasmids were transformed into E. coli BL21(DE3) and induced by 1 mM isopropyl β-D1- thiogalactopyranoside (IPTG, Sigma-Aldrich, St. Louis, MO) for protein expression. Recombinant proteins were purified by affinity chromatography using Ni-NTA Sepharose column (Qiagen, Hilden, Germany) and were dialyzed for 2 h in PBS using Slide-A-Lyzer (Pierce, Rockford, IL). The molecular weight and purity of the fusion proteins were confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting using an anti-His-tag monoclonal antibody (MultiSciences Biotech Co., Ltd., Hangzhou, China). The concentrations of the proteins were determined by the bicinchoninic acid (BCA) kit (Beyotime, Beijing, China) and protein quantitation method. The purified proteins were aliquoted and stored at −20°C.



2.5 Surface plasmon resonance

To analyze the biospecific interaction between the selected affibody molecules and CEA protein, surface plasma resonance (SPR) was performed on a Biacore T200 (GE Healthcare, Uppsala, Sweden). The full-length CEA protein serving as a ligand was successfully immobilized onto a sensor chip CM5 (GE Healthcare) according to the manufacturer’s instructions. Then, four different concentrations were prepared (5, 2.5, 1.25, and 0.625 μM) and injected over the immobilized sensor chip (GE Healthcare) surface to monitor the protein–ligand interaction. SPR data were determined using the 1:1 binding model in Biacore T200 evaluation software.



2.6 Cell culture

The CEA+ cell lines HT-29, MKN-45, and CEA-HeLa229 were bought from American Type Culture Collection (ATCC). These cell lines (HT-29 and MKN-45) express high levels of CEA and were used to study ZCEA binding selectivity toward the target protein. All cell lines were cultured in either RPMI-1640 medium or Dulbecco’s modified eagle medium (DMEM), supplemented with 10% fetal bovine serum and antibiotics (penicillin-streptomycin100 units/mL and 0.1 mg/mL) that were bought from Gibco. According to the supplier’s recommendation, the number of passages for cell lines were limited to five to eight passages after purchase.



2.7 Immunofluorescence assay

To assess the targeting specificity of ZCEA affibodies in vitro, an indirect immunofluorescence analysis was performed. In brief, HT-29, MKN-45, and HeLa229 cells were seeded in a 24-well plate at a density of 2 × 103 cells/well, stored in 5% CO2, and incubated at 37°C. Then, the cells were incubated with 100 μg/mL of ZCEA affibodies or ZWT for 3 h. The cells were washed with PBS, fixed with 4% paraformaldehyde, permeabilized in PBS containing 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, MO) for 10 min at 37°C, blocked with blocking buffer for 2 h, and then incubated with mouse anti-His monoclonal antibody at 4°C overnight. Subsequently, the cells were stained for 1 h at 37°C with FITC-conjugated goat anti-mouse IgG (H + L). Cell nuclei were counterstained with Hoechst 33342 (blue) (Beyotime Biotech Co. Ltd., China), and the images were visualized using a confocal fluorescence microscope (Nikon C1-i, Japan).



2.8 Immunohistochemical staining

A variety of human gastric tissues (three to five cases) were obtained from surgically removed specimens, fixed with 4% formalin for 24 h, embedded in paraffin, and stored at 4°C. All experimental protocols were reviewed and approved by the Ethical Committee of the First Affiliated Hospital of Wenzhou Medical University. After routine deparaffinization and rehydration, slides were immersed in 3% H2O2 for 10 min, and the antigen was retrieved by heating the slides in 0.01 M sodium citrate buffer (pH 6.0) at 96°C for 15 min. The slides were blocked with 5% normal goat serum (Cell Signalling Technology) for 1.5 h at 37°C. Then, the slides were probed with affibodies at 4°C overnight and were incubated with the anti-His monoclonal antibody for 0.5 h at 37°C, followed by horse radish peroxidase (HRP)-conjugated goat-anti mouse antibody for 0.5 h at 37°C. Polyclonal rabbit anti-CEA serum (prepared in-house) was used as a positive control. Finally, the slides were stained with DAB and counterstained with hematoxylin.



2.9 Biodistribution of CEA-binding affibody molecules in tumor xenograft mice

The in vivo biodistribution and targeting ability of ZCEA affibody was detected by near-infrared fluorescence imaging. Female Balb/c nude mice aged 4- to 6-weeks and purchased from the Nanjing Biomedical Research Institute in China were used to establish the HT-29, MKN-45, and HeLa229 mouse xenograft models. Then, we subcutaneously injected the nude mice in the right forearm region with 1 × 107 cells/100 μL PBS (n = 5 per group). When the tumor volume reached approximately 200–500 mm3, mice were taken for imaging. DyLight755 (Thermo Fisher Scientific) has an excitation peak of 754 nm and an emission peak of 776 nm, which was used to label ZCEA546 and ZWT affibody according to the manufacturer’s instructions. Then, 100 μmol of Dylight-755-labeled ZCEA546 or ZWT dissolved in 150 μL PBS were injected intravenously through the tail vein under brief anesthesia (1.4% isoflurane for 5 min) and imaged using NIR imaging system (CRi Maestro 2.10, Perkin Elmer, Waltham, MA) at different time points (5 min, 30 min, 1 h, 1.5 h, 2 h, 4 h, 6 h, 8 h, and 24 h). After injection, tumor/skin tissue signal intensity was analyzed at different time points using GraphPad Prism software. Then, the tumor-bearing mice were sacrificed to collect the main organs such as the heart, liver, spleen, lung, and kidney, and their fluorescence intensity were measured as describe above.



2.10 Statistical analysis

Two-tailed, single Student’s t-tests were performed to determine statistical significance between groups, with p < 0.05 denoting statistical significance. All graphs were acquired using GraphPad Prism.




3 Results


3.1 Expression and purification of ZCEA affibodies

Three cycles of panning were performed to select the positive clones from the phage display library. Then the phage clones were screened using ELISA to identify high-affinity ZCEA binding clones and were analyzed through DNA sequencing. Through sequencing, we were able to identify a total of 31 clones (31/120 or 25.8%). Three potential ZCEA affibodies (ZCEA539, ZCEA546, and ZCEA919) were highly expressed and purified. This affibody framework region is highly homologous but diverse in the helical regions (Figure 1A). The affibody DNA sequences were successfully inserted into the expression vector pET21a (+) with His6 tag fusion protein (Figure 1B). Then, the recombinant plasmids were transformed into E. coli BL21(DE3) and were induced by IPTG for protein expression (Figure 1C). The expressed proteins were detected by SDS-PAGE analysis (Figure 1D). Western blotting further confirmed that the fusion proteins could react with the monoclonal antibody specific to six histidine tags (Figure 1E).
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FIGURE 1
 Expression, purification, and detection of ZCEA affibodies. (A) Amino acid sequence alignment of ZCEA affibodies and ZWT. The three blue boxes are the α-helices subdomain and the randomized amino acid is indicated in red. (B) Schematic structure of the pET21a (+)/ZCEA recombinant plasmid. (C) Protein analysis by SDS-PAGE stained with Coomassie brilliant blue. Lane M, protein marker; lane 1, empty E. coli BL21; lane 2, empty vector of E. coli BL21; (3, 5, 7), total protein before IPTG induction, and lane (4, 6, 8, 9), after IPTG induction. (D) Lane M, protein marker, lane 1, ZCEA539; lane 2, ZCEA546; lane 3, ZCEA919, and lane 4, ZWT. (E) Lane M, protein marker, lane 1, ZCEA539; lane 2, ZCEA546; lane 3, ZCEA919, and lane 4, ZWT. Experiments were performed in triplicate.




3.2 Analysis of ZCEA protein–CEA binding affinity

SPR studies were carried out to measure the binding affinity of ZCEA539, ZCEA546, and ZCEA919 to the target protein CEA using BIAcore T200 biosensor. ZCEA affibodies of various concentrations (5, 2.5, 1.25, and 0.625 μM) were prepared to flow over the immobilized CEA target protein. Our results demonstrated a concentration-dependent increase in resonance signals and strong binding affinity of three selected ZCEA affibodies to ligand (Figures 2A–C). In contrast, ZWT did not show the protein–ligand binding interaction (Figure 2D). The sensogram shows the maximum concentration (5 μM) of ZCEA affibodies and ZWT (Figure 2E). We then used BIAcore analysis software 3.0 (Biacore) to measure the binding kinetics of ZCEA protein–ligand interaction, and sensograms were fitted to a 1:1 Langmuir model. The equilibrium dissociation constant (KD) for the binding of ZCEA539, ZCEA546, ZCEA919, and ZWT were 5.059 × 10−6 mol/L, 1.733 × 10−7 mol/L, 5.512 × 10−6 mol/L, and 1.628 mol/L, respectively (Supplementary Table S1). Our SPR results showed a strong high-affinity binding of ZCEA affibodies to CEA target protein, while ZWT did not display any binding interaction toward the target protein.
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FIGURE 2
 Measuring ZCEA affibodies-CEA binding kinetics using SPR. (A–C) Sensograms obtained from different concentrations injected over the immobilized sensor chip surface to monitor ZCEA affibody–CEA interaction. (D) ZWT served as a control group. (E) Sensogram obtained for the highest concentration (5 μM) of ZCEA affibodies and ZWT. Experiments were performed in triplicate.




3.3 In vitro tumor cell binding

Immunofluorescence assays were employed to further confirm the specific binding of ZCEA affibodies to tumor cells that highly express CEA protein. Bright green fluorescence staining was clearly observed at the cell membrane region of CEA+ cell lines (HT-29 and MKN-45) that were treated with ZCEA affibodies (Figures 3A,B), while no bright green fluorescence staining was noticed in cells treated with ZWT. Furthermore, CEA cell line (HeLa229) treated with ZCEA affibodies or ZWT did not show any fluorescence signal (Figure 3C). This result further confirms that ZCEA539, ZCEA546, and ZCEA919 affibodies have strong binding affinity and specificity to target protein (CEA) expressed in HT-29 and MKN-45 cell lines.

[image: Figure 3]

FIGURE 3
 Binding of ZCEA affibodies to HT-29 and MKN-45 cells by indirect immunofluorescence assay. (A) HT-29 (B) MKN-45 cells were incubated with ZCEA affibodies. Mouse-anti-His-tag mAb FITC (green) was used to visualize the binding of ZCEA affibodies to CEA+ cancer cell lines and nuclei were counterstained with Hoechst 3342 (400×). (C) HeLa229 served as the CEA cancer cell line. ZWT set as the affibody negative control. Scale bar = 10 μm. Experiments were performed in triplicate.




3.4 Immunohistochemistry

Histological analysis of the tumor tissue was performed to further investigate the binding specificity of ZCEA affibodies. Immunohistochemistry was performed on formalin-fixed paraffin-embedded human gastric cancer tissue. The ZCEA affibodies (ZCEA539, ZCEA546, and ZCEA919) stained tissue sections from human gastric cancer tissue [showed in brown color (upper layer)], which was similar to the staining pattern observed in polyclonal anti-CEA serum; nevertheless, human gastric cancer tissue stained with ZWT and PBS did not exhibit any obvious signal (Figure 4). Furthermore, normal gastric tissue did not display any changes in sections incubated with ZCEA affibodies and polyclonal anti-CEA serum (lower layer). Our result proved that ZCEA affibodies bind specifically to native CEA expressed in the tumor tissue.

[image: Figure 4]

FIGURE 4
 Representative images of hematoxylin and eosin (HE) and immunohistochemical expression of CEA in gastric cancer tissue and normal gastric tissue. Gastric cancer tissue (upper panel) and normal gastric tissue (lower panel) were stained with ZCEA affibodies. Polyclonal anti-CEA as positive control; ZWT and PBS as negative controls. Magnification 400×. Scale bar = 50 μM. Experiments were performed in triplicate.




3.5 In vivo tumor-targeted imaging of ZCEA546 affibody

The in vivo biodistribution of ZCEA affibodies is shown in Supplementary Figure S1. The ZCEA affibodies were quickly distributed into most parts of the body within 30 min post-injection, excreted through the kidneys, and rapidly cleared from the body within 24 h.

We further explored the tumor targeting selectivity of ZCEA546 affibody in CEA tumor-bearing mice. After injection of DyLight755-labeled ZCEA546 into the tail vein of CEA-tumor bearing mice, fluorescence signals were observed at the site of the tumor 1 h after injection and maximum fluorescence intensity was observed at 4 h, which remained for 24 h (Figures 5A,B). However, in HeLa229 tumor-bearing mice, DyLight755-labeled ZCEA546 tumor-specific fluorescence signal could not be detected in the xenograft model, and DyLight755-labeled ZWT also did not show fluorescence signal in xenograft tumor models (Figures 5C–E).

[image: Figure 5]

FIGURE 5
 Tumor-targeting of ZCEA affibodies. (A) In vivo fluorescence imaging of tumor-bearing mice (arrows) injected with Dylight755-conjugated ZCEA546 affibody at 0, 0.5, 30, 1, 2, 4, 6, 8, 12, and 24 h. (B) Tumor-to-background ratio of mice injected with Dylight755-conjugated ZCEA546 affibody. (C) In vivo fluorescence imaging of tumor-bearing mice (arrows) injected with Dylight755-conjugated ZWT affibody at 0, 0.5, 30, 1, 2, 4, 6, 8, 12, and 24 h. (D) Tumor-to-background ratio of mice injected with Dylight755-conjugated ZWT affibody. (E) The in vivo tumor targeting ability of ZCEA546 after 4 h post-injection compared to ZWT. Data are displayed as mean ± SD (n = 3). ***p < 0.001 compared to control.


To verify whether in vivo fluorescence imaging retention is only present at the tumor site, the mice were sacrificed to isolate tumors and major organs for ex-vivo analysis at 24 h post-injection. After intravenous injection of DyLight755-labeled ZCEA546, strong fluorescence signals from the tumors derived from HT-29 and MK-45 cell lines were clearly detected; however, no obvious fluorescence signal was detected in HeLa229 cell line (Supplementary Figure S2).




4 Discussion and conclusion

Fluorescence imaging has displayed a high sensitivity and strong specificity with the advent of fluorescent probes combined with targeted ligands in recent years and could play a crucial role in vivo diagnosis of tumors and image-guided surgery. In particular, fluorescence imaging could be employed to reduce the high rate of missed diagnosis of gastrointestinal cancer and increase the outcomes of conventional surgery (Mieog et al., 2022; Stibbe et al., 2023). Numerous molecular imaging trials utilizing fluorescent probes targeting well-known tumor markers such as EGFR, VEGF, and HER2 have demonstrated potential to improve the diagnosis and treatment of gastrointestinal cancer (Lamberts et al., 2017; Terwisscha van Scheltinga et al., 2011; Goetz et al., 2013). However, these tumor markers are not universally overexpressed in gastrointestinal cancers. For instance, HER2 overexpression occurs in 3.8–36.6% of gastric cancers (Boku, 2014) and in 1.3–47.7% of colorectal cancers (CRCs) (Takegawa and Yonesaka, 2017). In addition, these targets are sometimes overexpressed in inflammatory tissues, resulting in reduced specificity. Therefore, the development of fluorescent molecular imaging techniques based on exclusive biomarkers of gastrointestinal tumors is urgently required.

CEA is overexpressed in almost all gastrointestinal cancers, especially in colorectal cancer, but its expression is limited in normal tissues (Emini et al., 1985). This highly specific expression of CEA in tumor tissues makes it one of the preferred biomarkers for targeting colorectal cancer. In a non-invasive imaging animal experiment, iodine-124 labeled antibodies to CEA have been used to enhance positron emission tomographic (PET) imaging of colorectal cancer (Schoffelen et al., 2012). Currently, phase III clinical trials have shown that the use of SGM-101, an anti-CEA antibody labeled with a fluorescent dye, improves detection and aids in the complete resection of CEA-positive tumors (Boogerd et al., 2018; de Valk et al., 2021). Fluorescent probes based on monoclonal antibodies have been extensively used for therapeutic, diagnostic, and biotechnological applications due to their high target specificity and binding affinity (Lamberts et al., 2017; Hernot et al., 2019). Nevertheless, monoclonal antibodies (mAb) continue to encounter several challenges in their clinical applications. Notably, their large size (~150 kDa) and insufficient tissue penetration results in poor vivo imaging diagnosis and treatment. Additionally, the presence of complex disulfide bonds and post-translational glycosylation modifications, along with the challenges of difficult and expensive production, have limited their clinical use (Ruigrok et al., 2011; Vazquez-Lombardi et al., 2015).

To overcome these drawbacks, non-immunoglobulin scaffolds have been reported as promising alternatives, such as affibodies, alphabodies, pronectins, affimers, centyrins, and repebodies (Škrlec et al., 2015). In this study, we describe the development and characterization of three novel affibodies (ZCEA539, ZCEA546, and ZCEA919) that selectively bind to CEA from a combinatorial affibody library. Subsequently, the ZCEA affibodies were expressed in a prokaryotic expression system to explore the binding specificity to CEA. SPR assay demonstrated that the ZCEA affibodies could bind to CEA with high affinity and specificity, yielding apparent KD values that were up to 106 higher than the KD value of ZWT (control) and reaching micromolar levels, consistent with previous reports on affibodies targeting EBV-latent membrane proteins (LMP) in our laboratory (Zhu S. et al., 2020; Kamara et al., 2021). Indirect immunofluorescence assay further proved the binding affinity and specificity of ZCEA affibodies to tumor cells expressing CEA. Furthermore, immunohistochemistry staining showed that the three selected ZCEA affibodies bind to the protein of interest (CEA) in human gastric cancer tissues. These results suggest that the ZCEA affibodies selectively bind to CEA target protein with high binding affinity and specificity. Therefore, ZCEA affibodies could be used for further fluorescence imaging of mice-bearing CEA cancer cell lines.

For molecular imaging, an ideal imaging probe should have a smaller molecular weight, exhibit high binding affinity and selectivity, ensure rapid biodistribution and tissue permeability, and be quickly cleared to achieve high-contrast imaging (Herschman, 2003). As a new class of binding molecule, affibodies can provide effective tumor penetration and high affinity. In preclinical and clinical studies, the HER2 binding affibody molecules have been developed and successfully tested as imaging tracers to detect HER2 overexpressed tumors, such as ZHER2:342 (Lee et al., 2008; Baum et al., 2010). A previous study comparing the performance of affibody ZHER2:342 with HER2-targeting scFv in tumor imaging showed that affibody molecules targeting HER2 provided increased uptake in tumor and a higher tumor-to-blood ratio (Orlova et al., 2006). In this study, right after 1 h of intravenous injection of DyLight755-labeled ZCEA546, a strong fluorescence signal was detected at the tumor site of the tumor-bearing mice, peaking at 4 h and maintaining fluorescence at that level for 24 h. Furthermore, dynamic biodistribution showed that DyLight755-labeled ZCEA546 was quickly distributed in the mouse body after injection, excreted from the kidney, and completely cleared from the body at 72 h. Therefore, DyLight755-labeled ZCEA546 affibody has great potential for use in molecular imaging diagnosis.

In conclusion, this study generated three novel affibodies (ZCEA539, ZCEA546, and ZCEA919), whose ability to bind CEA target protein was characterized through SPR, indirect immunofluorescence assay, and immunohistochemistry staining. Furthermore, DyLight755-labeled ZCEA546 displayed significant tumor targeting capability in CEA+ tumor cell line xenograft mice models (HT-29 and MKN-45). Thus, our results suggest that ZCEA affibodies are promising tumor-specific fluorescent molecular imaging agents for detecting CEA expression in gastrointestinal cancers.
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