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Human epidermal growth factor receptor 2 (HER2) is a key oncogenic driver in diverse solid tumors. Although HER2-targeted therapies such as trastuzumab and pertuzumab confer substantial clinical benefits, therapeutic resistance remains a major challenge, necessitating the development of next-generation agents. Here, we engineered a biparatopic nanobody-based binder, A9F5-H2F5-Fc (AH), designed to target ECD I and ECD II of HER2. In HER2-expressing tumor cells, AH induced greater receptor saturation, internalization, and degradation than the combination of trastuzumab and pertuzumab. Notably, in trastuzumab-resistant cancer cells, AH exhibited superior synergistic antitumor efficacy in combination with trastuzumab, outperforming trastuzumab plus pertuzumab. Structural modeling predicted a trans-binding mode that enables multivalent HER2 clustering, indicative of a distinct mechanism of action. These findings highlight AH as a rationally designed biparatopic binder with potential to overcome trastuzumab resistance and underscore the potential of nanobody-based biparatopic strategies to enhance antitumor efficacy in HER2-positive cancers.
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1 Introduction

Human epidermal growth factor receptor 2 (HER2), a member of the epidermal growth factor receptor (EGFR/HER) family, is a transmembrane tyrosine kinase receptor that is overexpressed in approximately 20–30% of breast and gastric cancers, as well as in subsets of other solid tumors (1). HER2 amplification drives oncogenic signaling pathways that promote tumor progression, foster therapeutic resistance, and correlate with poor clinical outcomes (2–4). In contrast to other EGFR family members, HER2 functions as an orphan receptor, lacking a known ligand, and is activated through heterodimerization with its counterparts (5, 6). Over the past three decades, HER2-targeted therapies have revolutionized the treatment landscape of HER2-positive solid tumors (2, 7). A range of HER2-directed agents, including small-molecule tyrosine kinase inhibitors (TKIs), monoclonal antibodies (mAbs), and antibody-drug conjugates (ADCs), have been developed and approved for clinical use.

Trastuzumab, the first approved mAb targeting extracellular domain (ECD) IV of HER2, exerts antitumor activity by inhibiting ligand-independent HER2-HER3 dimerization, inducing cell cycle arrest, and mediating antibody-dependent cell-mediated cytotoxicity (ADCC) (8). Despite improving clinical outcomes in HER2-positive breast cancers, many patients ultimately develop resistance and experience disease recurrence (9, 10). Pertuzumab, a mAb targeting the dimerization arm (DA) of HER2-ECD II, was developed to block ligand-dependent HER2 heterodimerization (11). Leveraging their complementary mechanisms of action (MOAs), the combination of pertuzumab, trastuzumab, and chemotherapy has demonstrated superior antitumor efficacy compared to trastuzumab plus chemotherapy in metastatic, adjuvant, and neoadjuvant settings, leading to the FDA approval of pertuzumab as a synergistic partner (12, 13). However, the clinical success of this dual-antibody strategy in breast cancer has not translated to other HER2-positive tumors (3). In HER2-positive metastatic gastric or gastro-esophageal junction cancer, the addition of pertuzumab failed to significantly improve overall survival over trastuzumab plus chemotherapy (14). Furthermore, intrinsic and acquired resistance to existing HER2-targeted therapies remains a major clinical obstacle, underscoring the need for next-generation anti-HER2 agents.

Mechanisms of resistance include receptor downregulation, HER2 heterodimerization with other EGFR family members, compensatory activation of downstream signaling pathways, and HER2 alterations (15, 16). Bispecific antibodies (bsAbs), which are designed to target two epitopes or antigens, possess multiple MOAs not achievable by conventional monospecific antibodies, rendering them promising candidates for overcoming resistance (17). For instance, zenocutuzumab, a bsAb against HER2 and HER3, potently inhibits heregulin (HRG)-driven signaling of HER2-HER3 heterodimerization and has received accelerated FDA approval for patients with NRG1 fusion-positive non-small cell lung cancer (NSCLC) or pancreatic adenocarcinoma (18). As a subclass of bpAbs, biparatopic antibodies (bpAbs) bind non-overlapping epitopes on the same target and confer unique MOAs (19). Several anti-HER2 bpAbs, such as zanidatamab and anbenitamab, have shown encouraging efficacy in preclinical and early clinical studies (20–24). Current HER2-targeted bpAbs in clinical development are derived from trastuzumab and pertuzumab, and thus rely on epitopes within ECD II and ECD IV (25). However, oncogenic mutations in HER2-ECD—particularly S310F in ECD II—can impair pertuzumab binding and compromise therapeutic efficacy (26). Consequently, the clinical utility of bpAbs dependent on the pertuzumab epitopes may be limited in patients harboring such mutations. Recent studies suggest that targeting ECD I or ECD III may synergize with existing anti-HER2 therapies (27–31). We previously developed a nanobody-Fc fusion protein targeting ECD I that exhibited significantly enhanced trastuzumab-synergistic antitumor efficacy in trastuzumab-resistant models (32). These findings highlight the potential of targeting alternative HER2 epitopes to overcome the resistance.

Nanobodies, or single variable heavy-chain domains (VHHs), are the smallest naturally occurring antigen-binding fragments, characterized by high solubility, stability, and low immunogenicity (33–37). Unlike IgG antibodies, nanobodies can recognize antigens in the absence of a light chain (38). Their monomeric structure makes them ideal scaffolds for bsAb construction, as they avoid chain mispairing and undesired self-association (39, 40). Here, we report the generation of a biparatopic nanobody-based binder, A9F5-H2F5-Fc (AH), composed of two HER2-specific nanobodies fused in tandem to an IgG Fc region. This tetravalent binder targets ECD I and ECD II of HER2, achieves high binding saturation, and promotes HER2 internalization and degradation. Moreover, AH exhibited significantly enhanced synergy with trastuzumab in resistant tumor models.




2 Methods



2.1 Cell lines, antibodies, and biological material

The human cell lines (NCI-N87, MCF-7, JIMT-1, SKBR3, and BT474) were obtained from ATCC. Expi293 cells were purchased from Thermo Fisher Scientific. Trastuzumab and pertuzumab were produced in-house using established protocols. A non-specific IgG antibody (Beyotime, A7001) was used as a negative control.




2.2 Recombinant protein expression and purification

To construct biparatopic binders, sequences encoding anti-HER2 nanobodies were cloned into the pSCSTa expression vector with either a C-terminal or N-terminal Fc tag. The nanobody-based binders were expressed in Expi293 cells. The pSCSTa vector was transiently transfected into Expi293 cells. After 7 days of culture, the supernatant was collected and then purified by Protein A affinity chromatography using AT Protein A Diamond Plus (BestChrom, AA402305). The eluted proteins were dissolved in PBS buffer. Protein concentrations were determined using the BCA assay, and purity was assessed by SDS-PAGE.

Chimeric HER2-ECD proteins (HER2-mD1, HER2-mD2, HER2-mD3, and HER2-mD4) were constructed as previously described (32). Briefly, the ECD I (T23-R217), ECD II (T218-C342), ECD III (Y344-A510), and ECD IV (C511-T652) of the HER2 protein were substituted with the corresponding regions from the murine homolog. The DNA sequences encoding these chimeric proteins were cloned into a pSCSTa vector with a C-terminal Fc tag and expressed in 293T cells. Protein expression and purification followed the same procedure as described for the biparatopic binders. Protein sequences were retrieved from the UniProt database. For clarity and consistency, the HER2-ECD sequence was numbered according to the UniProt entry (P04626).




2.3 Viability assays

For ligand-independent assays, tumor cells (approximately 2 × 103 cells per well) were seeded into 96-well plates overnight at 37°C with 5% CO2. Serially diluted antibodies (1:5 dilution series) were added and incubated with cells for 5 days. Antibody-mediated growth inhibition was evaluated using Cell Counting Kit-8 (CCK-8, Dojindo) according to the manufacturer’s instructions. Briefly, the culture supernatant was removed, and cells were incubated with fresh medium containing 10% (v/v) CCK-8 reagent at 37°C/5% CO2 for 2 h. Absorbance at 450 nm was measured using a BioTek plate reader. For ligand-dependent assays, tumor cells were stimulated with either 5 nM EGF (SinoBiological, GMP-10605-HNAE) or 1 nM HRG (SinoBiological, 11609-HNCH). Percent viability was calculated relative to untreated controls. Data was analyzed by nonlinear regression using the “log (agonist) vs. response-variable slope (four parameters)” model in GraphPad v10.2.0. One-way ANOVA was performed to compare the inhibitory effects of different antibodies at 150 nM or 75 nM, and the corresponding p-values were determined.




2.4 Western blot analysis

NCI-N87 cells were seeded in Nunc 6-well multi-dishes at a density of approximately 1.2 × 106 cells per well and incubated overnight at 37°C. The following day, cells were treated with 150 nM of either anti-HER2 single agent, negative control antibodies, or T + P (150 nM each) for 24 h at 37°C. After treatment, cells were washed twice with pre-cooled PBS buffer and lysed in NP-40 lysis buffer (Solarbio, N8032). Lysates were centrifuged at 4°C for 5 mins, and the supernatant was collected. Protein concentrations were determined using a BCA protein assay kit (Solarbio, PC0020). Equal amounts of proteins were separated on 10% SDS-PAGE gels in Tris-Glycine running buffer (Solarbio, T1070) and transferred to polyvinylidene fluoride (PVDF) membrane at 350 mA for 90 mins using transfer buffer (Solarbio, D1061). Membranes were blocked with 5% non-fat dry milk (NFDM) blocking buffer for 1 h at room temperature and then incubated with primary antibodies against HER2 (rabbit mAb, CST, 2165) or GAPDH (mouse mAb, Solarbio, K000026M) for 1 h at room temperature. The membrane blots were then washed and incubated with HRP-conjugated goat anti-rabbit IgG (Solarbio, SE134) or goat anti-mouse IgG (Solarbio, SE131). Washes were performed using TBS-T buffer (25 mM Tris-HCl, pH 8, 137 mM NaCl, 2.7 mM KCl, and 0.05% Tween-20). Protein bands were imaged using a ChemiDoc XRS+ Gel imaging system (Bio-Rad) and quantified with ImageJ software.




2.5 High-performance size-exclusion chromatography

The homogeneity of the HER2-targeted binder was assessed by HPSEC using an Agilent 1200 series system (Agilent Technologies, Santa Clara, CA) equipped with a TSK Gel G 3000 pwxl (7.8 × 300 mm; TOSOH, Tokyo, Japan) equilibrated in PBS buffer. The flow rate was maintained at 0.5 mL min-1, and protein elution was monitored by absorbance at 280 nm.




2.6 Enzyme-linked immunosorbent assay

To identify the binding epitopes of biparatopic binders, 96-well plates were coated with either wild-type or chimeric HER2-ECD proteins in PBS at 4°C overnight. Plates were then blocked with 2% NFDM at room temperature for 2 h. Serial dilutions of biparatopic binders or other anti-HER2 antibodies were added and incubated at room temperature for 1 h. HRP-conjugated mouse anti-human IgG Fc antibody (GenScript, A01854) was applied for detection and incubated for 30 mins at room temperature. The supernatant was removed, and TMB substrate was added for the color reaction. The reaction was stopped with 1M H3PO4, and the absorbance at 450 nm was measured using a BioTek plate reader. ELISA data were analyzed using GraphPad Prism v10.2.0. Curve fitting was performed by nonlinear regression using the “log (agonist) vs. response-variable slope (four parameters)” model to determine the EC50 value.




2.7 Cell-surface binding by flow cytometry

HER2-expressing tumor cells were resuspended in PBS supplemented with 2% FBS and seeded into 96-well plates at 6 × 104 cells per well. The cells were treated with diluted anti-HER2 agents on ice for 1 h. Following incubation, unbound agents were removed by washing, and cells were subsequently incubated with PE-conjugated anti-human IgG Fc secondary antibody (Abcam, 98596; 1:1000) at 4°C for 30 mins. After washing, cells were resuspended in 120 μL PBS containing 2% FBS. Mean fluorescent intensity (MFI) was acquired using a Beckman Coulter flow cytometer. Binding data was analyzed using GraphPad Prism v10.2.0.





2.8 Internalization assay

Receptor internalization was assessed by flow cytometry and confocal microscopy. A flow cytometry assay was performed as previously described (32). Briefly, HER2-expressing tumor cells were treated with HER2-targeting agents on ice for 1 h. After washing with PBS + 2% FBS, one aliquot of cells was maintained on ice, while the remaining cells were incubated at 37°C for 4 h. Cells were fixed with cold 4% paraformaldehyde (PFA) for 20 mins, stained with PE-conjugated anti-human IgG Fc secondary antibody (Abcam, 98596; 1:1000 dilution) at 4°C for 30 mins, and analyzed by Beckman Coulter flow cytometer. The receptor internalization was calculated as the percentage loss of MFI at 37°C relative to that measured on ice.

For the confocal imaging assay, NCI-N87 or MCF-7 cells were seeded onto glass coverslips and cultured overnight at 37°C with 5% CO2. Cells were incubated with 75 nM anti-HER2 antibodies or negative control antibodies at 4°C for 1 h. After washing to remove unbound antibodies, cells were incubated at 37°C for 4 h, followed by fixation with 4% PFA for 20 mins at room temperature. Permeabilization was performed using Triton X-100. Cells were blocked with PBS containing 10% goat serum (Solarbio, SL038). To detect internalized antibody-receptor complexes, cells were stained with goat anti-human IgG Fc antibody conjugated to DyLight® 488 (green; Abcam, ab98619). Lysosomes were stained using anti-LAMP1 antibody (Abcam, ab25630), followed by Alexa-Fluor 647-labeled goat anti-mouse IgG H&L (magenta; Abcam, ab150115). Nuclear staining was performed using DAPI (blue), and coverslips were treated with an antifade mounting medium (Beyotime, P0126). Imaging was carried out using a Nikon A1 confocal microscope and analyzed with NIS-Elements Viewer software. Fluorescence intensity from magenta, green, and blue channels was quantified using ImageJ. Average intensity values were analyzed using GraphPad Prism v10.2.0.




2.9 Structure analysis

The structures of nanobody-HER2 complexes were predicted using Alphafold 3 (https://alphafoldserver.com/), following the server’s guidelines (41). Briefly, the amino acid sequences of the anti-HER2 nanobodies and HER2-ECD were input into Alphafold 3, and the prediction was performed using default parameters. The predicted structures were visualized and analyzed by Chimera and PyMOL. The PISA server (www.ebi.ac.uk/pdbe/pisa) was used to analyze the nanobody-HER2 interactions.




2.10 Statistical analysis

Statistical analysis was performed using GraphPad Prism v10.2.0. Specific tests are described in the relevant method (see above) or figure legends. Quantitative data were analyzed using one-way ANOVA or 2-way ANOVA, as appropriate. Significance thresholds were defined as follows: p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***), and p < 0.0001 (****).





3 Results



3.1 Construction of the biparatopic anti-HER2 nanobody binder

Combinations of antibodies and biparatopic antibodies (bpAbs) provide unique MOAs and therapeutic benefits that surpass those of canonical monospecific antibodies by targeting non-overlapping epitopes (23, 25, 42, 43). To develop an effective and cost-efficient therapeutic agent for inhibiting the growth of HER2-positive tumors, nanobody-based biparatopic binders were screened. Previously, we reported a series of high-affinity nanobodies targeting distinct epitopes of HER2-ECD (Figure 1A). These nanobodies demonstrated potent synergistic antitumor activity in trastuzumab-resistant cancer cells (32). Here, we constructed two tetravalent biparatopic binder formats by fusing anti-HER2 nanobodies recognizing non-overlapping epitopes to human immunoglobulin G1 (IgG1) Fc regions (Figure 1B). The first format consisted of two nanobodies fused in tandem to the N-termini of the Fc domain (designated Nb1-Nb2-Fc), whereas the second format involved nanobodies fused to both the N- and C-termini of the Fc domain (designated Nb1-Fc-Nb2). A total of 80 biparatopic binders were generated and expressed in Expi293 cells. Regardless of the format, more than half of the binders exhibited undetectable expression, suggesting certain configurations may interfere with fusion protein expression (Figures 1C, D).
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Figure 1 | AH is a biparatopic HER2-targeted binder that promotes HER2 downregulation and mediates growth inhibition in HER2-expressing cancer cells. (A) Schematic representation of the binding epitopes of high-affinity HER2-specific nanobodies. The crystal structure of HER2-ECD monomer (ID: 1N8Z) was retrieved from the Protein Data Bank (PDB). (B) Structural design of HER2-targeting biparatopic binders. In the first format (Nb1-Nb2-Fc), two distinct nanobodies were fused in tandem to the N-terminus of human IgG Fc via flexible (GGGGS)3 linkers. In the second format (Nb1-Fc-Nb2), nanobodies were individually fused to the N- and C-terminus of the Fc domain. (C, D) Expression of biparatopic binders in Expi293 cells. Binders with detectable expression were shown in yellow; those with undetectable expression were shown in deep purple. (E, F) Growth inhibition of NCI-N87 cells by Nb1-Nb2-Fc (E) and Nb1-Fc-Nb2 (F). The EC50 values (nM) were indicated. Data are mean ± SD from n = 3. (G) HER2 downregulation induced by HER2-targeting binders. Immunoblots (left) show HER2 levels in NCI-N87 cells treated with 150 nM anti-HER2 agents. Quantification (right) showed protein/GAPDH gray value ratios determined by ImageJ software. Source data are available in the Source Data file.

Fc-fusion strategies have been reported to enhance nanobody functionality by increasing valency (38, 40, 44, 45). We hypothesized that tetravalent biparatopic binders benefit from avidity, thereby further enhancing antitumor activity. NCI-N87 cells with high HER2 expression level were selected to evaluate growth inhibition mediated by biparatopic binders compared with trastuzumab plus pertuzumab (T + P). Within the Nb1-Nb2-Fc format, A9F5-H2F5-Fc exhibited the greatest inhibitory effect, achieving an EC50 value fourfold lower than T + P (Figure 1E). No binder in Nb1-Fc-Nb2 format demonstrated superior inhibition compared with T + P (Figure 1F). Interestingly, G1E4-Fc-A9B5, composed of nanobodies targeting ECD IV and ECD I, displayed agonistic activity.

In HER2-dependent tumor cells, inducing HER2 downregulation represents a viable strategy for anti-HER2 therapeutics (26, 46). It was next investigated whether tetravalent biparatopic binders induce HER2 receptor downregulation. HER2 protein levels were quantified from NCI-N87 cell lysates following treatment with binders or anti-HER2 antibodies. As shown in Figure 1G, A9F5-H2F5-Fc reduced HER2 levels to less than 50% of baseline. Trastuzumab, T +P, A9B5-G1E4-Fc, and H2F5-A9B5-Fc elicited a weaker effect in NCI-N87 cells. These findings indicate that the tetravalent biparatopic binder A9F5-H2F5-Fc induces HER2 downregulation and inhibits the growth of HER2-expressing tumor cells, demonstrating strong developability and manufacturability. Accordingly, A9F5-H2F5-Fc, hereafter referred to as AH, was selected for further experiments.




3.2 Dual targeting of HER2 ECD I and ECD II achieves high binding saturation

We next characterized the binding properties of the nanobody−based biparatopic binder AH. Purified AH exhibited > 95% purity by SDS–PAGE and migrated at the expected molecular weight (~56 kDa) (Figure 2A). Analytical size−exclusion chromatography revealed a single dominant peak with negligible aggregation, indicating biochemical homogeneity (Figure 2B). To map the binding epitopes of AH, a panel of recombinant chimeric HER2-ECD proteins was generated, in which each human subdomain (ECD I–IV) was individually replaced by its murine counterpart (Figure 2C). As HER2-mD3 expression was undetectable, only HER2-mD1, HER2-mD2, and HER2-mD4 were included in ELISA analysis. The lack of detectable HER2-mD3 expression is likely due to structural perturbations caused by the non-natural domain swap, which may interfere with proper protein folding in mammalian cells. AH bound robustly to wild−type human HER2 and all three chimeric HER2-ECD proteins, while showing negligible binding to murine HER2 (Figure 2D). The parental nanobodies A9F5 and H2F5 were sensitive to substitutions in ECD I and ECD II, respectively. Control antibodies behaved as expected—trastuzumab was sensitive to ECD IV substitution and pertuzumab to ECD II—validating the domain−swap strategy. ELISA−derived EC50 values confirmed these patterns: domain substitution had no effect on AH binding, and AH maintained low EC50 values (≤ 1 nM) for both wild−type and chimeric HER2-ECD proteins (Figure 2E). These data indicate that AH simultaneously engages HER2 ECD I and ECD II.

[image: Composite image of scientific data related to HER2-antibody interactions:  A) Gel electrophoresis showing the protein band of A9F5-H2F5-Fc at 56 kDa.  B) Chromatogram with a retention time of 7.682 minutes.  C) Schematic of HER2 extracellular domain variants, including wild-type and mutations.  D) Line graphs displaying antibody concentration versus OD values for different HER2 variants.  E) Heatmap representing EC50 values for antibodies binding to HER2 variants.  F) Line graphs of antibody binding measured by mean fluorescence intensity for cell lines NCI-N87, JIMT-1, and MCF-7, showing statistical significance.]
Figure 2 | Dual epitope targeting by AH confers high HER2 binding saturation. (A) Coomassie-stained SDS-PAGE gel showing high purity of purified AH. (B) HPSEC profile of AH demonstrating molecular homogeneity. The retention time (RT) was indicated. (C) Schematic representation of chimeric HER2-ECD constructs. In HER2-mD1 to HER2-mD4, individual domains of human HER2 (ECD I: T23-R217; ECD II: T218-C342; ECD III: Y344-A510; ECD IV: C511-T652) were replaced with the corresponding regions from the murine homolog. (D) ELISA analysis of AH binding to wild-type and chimeric HER2-ECD proteins. SDS-PAGE and HPSEC characterization data for all anti-HER2 agents shown in (D) are provided in the Source Data file. (E) Binding epitope mapping of the AH based on EC50 values (nM), derived from ELISA, displayed as a heat map. EC50 values are indicated within each cell, with values >100 nM uniformly shown as 100 nM. The color gradient represents binding affinity, with lower EC50 values depicted in red. (F) Flow cytometry analysis of AH binding in trastuzumab-sensitive and -resistant HER2-positive cell lines. Cells were treated with AH or trastuzumab plus pertuzumab (T  +  P). Data are mean ± SD from n = 3. Statistical significance was assessed using unpaired 2way-ANOVA: p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***), and p < 0.0001 (****). The p-values were provided in Supplementary Table 1. Source data are available in the Source Data file.

Cell-surface binding saturation of AH was compared with that of the clinical antibody combination trastuzumab plus pertuzumab (T + P) across HER2-positive tumor models. In NCI-N87 cells with high HER2 expression, AH achieved saturation comparable to T + P, whereas in trastuzumab-resistant lines (MCF7 and JIMT-1), AH reached ~1.3–l.6-fold higher maximal binding than T + P (Figure 2F, Supplementary Table 1). Together, these results demonstrated that AH retains the binding features of parent nanobodies A9F5 and H2F5, enabling co-engagement of non-overlapping epitopes on ECD I and ECD II and achieving high binding saturation.




3.3 Enhanced HER2 internalization induced by AH alone or with trastuzumab

BpAbs are theoretically capable of cross-linking cell-surface receptors into higher-order clusters because of multivalent engagement of two non-overlapping epitopes (43, 47, 48). Subsequently, the ability of the biparatopic binder AH to promote HER2 internalization was evaluated. Given that AH targets non-competing epitopes relative to trastuzumab, the potential for synergistic activity upon co-administration was also investigated. Internalization was quantified by flow cytometry using the on-ice versus 37°C assay described in Methods. In NCI-N87 cells, trastuzumab, pertuzumab, and T + P induced limited internalization (< 30%), whereas AH and AH + T yielded high-level internalization (> 75%) (Figure 3A, Supplementary Table 2). The internalization levels elicited by AH and AH+T were comparable (Figure 3A, Supplementary Table 2). In BT474 cells, trastuzumab, pertuzumab, and their combination (T + P) elicited minimal internalization, whereas AH triggered a pronounced increase. Co-treatment with trastuzumab and AH (AH+T) further enhanced internalization relative to AH alone (Figure 3B, Supplementary Table 2).

[image: Bar charts and fluorescence microscopy images illustrating HER2 internalization in NCI-N87 and BT474 cancer cell lines under different treatments. Graphs (A, B) show quantitative data; images (C, D) display cellular fluorescence patterns for treatments IgG, T, P, T+P, AH, and AH+T. Intensity graphs below images depict signal distribution, marked by M, G, B labels along the length (micrometers). Scale bar in C indicates 20 micrometers. Stars indicate levels of statistical significance.]
Figure 3 | AH promotes HER2 internalization alone and in combination with trastuzumab in HER2-positive cancer cells. (A, B) HER2 internalization in tumor cells following treatment with AH alone or in combination with trastuzumab. Internalization was assessed in NCI-N87 (A) and BT474 (B) cells. The receptor internalization was calculated as the percentage loss of MFI at 37°C relative to that measured on ice. Data are mean ± SD from n = 3. Statistical significance was determined by one-way ANOVA: p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***), and p < 0.0001 (****). P-values were provided in Supplementary Table 2. (C, D) Confocal imaging of antibody-HER2 complexes in NCI-N87 (C) and MCF-7 (D) cells. Antibody-HER2 complexes were labeled with DyLight® 488-labeled antibody (green), lysosomes with AF647-labeled antibody (magenta), and nuclei with DAPI (blue). Regions of interest (ROIs) were selected to include representative cells with clear membrane and cytoplasmic signals while avoiding overlapping cells or artifacts, ensuring unbiased quantification. Scale bars, 20 μm. Fluorescence intensity from magenta (M), green (G), and blue (B) channels was quantified using ImageJ to assess colocalization of immunocomplexes with lysosomes. Source data are available in the Source Data file.

To visualize intracellular trafficking, we used confocal microscopy to track HER2-binder internalization and lysosomal trafficking in two cell lines. In NCI-N87 assays, AH alone and AH + T each induced robust HER2 internalization, and the internalized AH-HER2 complexes co-localized with lysosomes (Figure 3C). By contrast, trastuzumab, pertuzumab, and T + P remained largely at the cell surface. In MCF-7 (low HER2 expression) cells, trastuzumab, pertuzumab, and T + P showed limited surface binding with no detectable internalization. AH alone and AH + T showed increased cell-surface binding but only a weak intracellular staining (Figure 3D). These data indicated that the AH-driven internalization (alone or with trastuzumab) depends on the level of HER2 expression. In summary, AH drives robust HER2 internalization and lysosomal trafficking, and co-treatment with trastuzumab amplifies this response.




3.4 Synergistic growth inhibition in trastuzumab-resistant HER2-positive cells

Failure of trastuzumab therapy can arise from ligand-mediated compensatory activation of other HER family receptors (49–51). We therefore asked whether the biparatopic binder AH, alone or combined with trastuzumab (AH + T), suppresses cell growth in the absence or presence of exogenous ligand across three HER-expressing cell lines (NCI-N87, SKBR3, and BT474 cells). In ligand-independent assays, AH and AH + T each induced significantly greater growth inhibition than trastuzumab in all three cell lines, and were comparable or more potent than the antibody combination (T + P) (Figure 4A, Supplementary Table 3). Adding trastuzumab measurably increased AH activity under ligand−free conditions in NCI-N87 cells, yet AH+T conferred no additional benefit over AH alone in SKBR3 and BT474 cells.

[image: Line graphs in three panels (A, B, C) depict the viability of NCI-N87, SKBR3, and BT474 cell lines against various antibody concentrations in nanomolar. Key: IgG, AH+T, AH, T+P, T. Panel A shows baseline conditions, Panel B adds EGF, and Panel C adds HRG, illustrating different cell responses. Each graph shows a downward trend, with viability decreasing as antibody concentration increases. Error bars indicate variability.]
Figure 4 | AH synergizes with trastuzumab to inhibit the proliferation of ligand-independent and ligand-dependent HER2-expressing cancer cells. (A) Ligand-independent growth inhibition induced by AH alone or in combination with trastuzumab (AH + T) in NCI-N87, SKBR3, and BT474 cells. (B) Growth inhibition under EGF-stimulation following treatment with AH or AH + T. (C) Growth inhibition under HRG-stimulation following treatment with AH or AH + T. Serum-starved tumor cells were incubated in the presence of 1 nM HRG or 5 nM EGF. Percent viability was calculated relative to untreated controls. Horizontal dotted line (black) represents the viability of non-treated cells referenced to 100%. Data represent mean ± SD (n = 3). Statistical significance was assessed using one-way ANOVA: p < 0.0332 (*), p < 0.0021 (**), p < 0.0002 (***), and p < 0.0001 (****). The p-values for comparisons of percent viability at 150 nM or 75 nM treatment were provided in Supplementary Table 3. Source data are available in the Source Data file.

The dual HER2 inhibition with T + P has been reported to achieve more comprehensive blockade of HER2 signaling and improved therapeutic outcome in trastuzumab-resistant tumors (12, 13, 52, 53). We next compared AH and AH + T under ligand-stimulating conditions using epidermal growth factor (EGF) or heregulin (HRG). As expected, trastuzumab showed minimal activity in the presence of EGF or HRG, whereas T + P was more effective (Figures 4B, C). AH surpassed T + P in EGF-stimulated SKBR3 and BT474 cells (Figure 4B, Supplementary Table 3). AH + T delivered stronger ligand-dependent growth inhibition than T + P in all three cell lines, except that activity was comparable between the two in HRG-stimulated BT474 cells (Figures 4B, C). AH + T also outperformed AH alone in ligand-stimulated NCI-N87 and SKBR3 cells, while the two were similar in BT474 cells (Figures 4B, C). Collectively, AH alone achieved growth inhibition that was equal to or greater than T + P regardless of ligand status, and combining AH with trastuzumab further enhanced activity in several ligand−driven, trastuzumab−resistant contexts. These findings support a functional synergy between AH and trastuzumab in HER2−positive cancer models.




3.5 Structural modeling suggests a trans-binding mechanism underlying AH activity

To define the structural basis of AH engagement, complexes between each nanobody and HER2-ECD were predicted using AlphaFold 3. The top−ranked models placed A9F5 across ECD I and ECD II, and H2F5 on ECD II (Figures 5A, B). Interface residues were identified using the PISA server. A9F5 formed eight hydrogen bonding contacts, including five contacts with ECD I (R98, R100, R143, S209, and S214) and three contacts with ECD II (K228, D234, and C244) (Figure 5C, Supplementary Table 4). H2F5 engaged two hydrogen bonding contacts, both involving K228 (Figure 5D, Supplementary Table 4). Although both nanobodies interact with K228, their overall binding surfaces are spatially distinct. A9F5 spans ECD I and ECD II, whereas H2F5 is confined to ECD II, indicating minimal epitope overlap. Notably, while modeling suggested that A9F5 interacts with both ECD I and ECD II and that H2F5 engages ECD II through K228, ELISA assays indicated predominant binding of A9F5 to ECD I and a loss of H2F5 reactivity against HER2-mD2. These discrepancies likely reflect conformational perturbations introduced by the chimeric domain-swapped proteins, which may compromise proper epitope presentation despite residue conservation.

[image: Molecular structures showing interactions between antibodies and HER2 proteins. Panels A and B display HER2 bound to antibodies A9F5 and H2F5. Panel C highlights A9F5-CDR and specific amino acids in ECD I and II. Panel D shows interactions with H2F5-CDR and ECD II. Panels E and F depict antibody interactions with HER2, including Trastuzumab. Panels G and H illustrate HER2 interactions with HER3-NRG1β and EGFR-EGF. Panel I shows HER2 dimers with labeled antibodies, and Panel K presents a schematic representation of the HER2 configuration.]
Figure 5 | Structural investigation suggests a trans-binding mode of AH to HER2-ECD. (A, B) Predicted structures of A9F5-HER2 complex (A) and H2F5-HER2 complex (B) generated by Alphafold 3. Nanobodies A9F5 and H2F5 were shown in magenta and lemon yellow, respectively. HER2 ECD I-IV are colored tomato, deep sky blue, lime green, and royal blue, respectively. The predicted structures are available in the Source Data file. (C, D) Predicted interactions between A9F5 (C) or H2F5 (D) and HER2-ECD. Dashed lines represented interatomic distances < 4 Å The detailed interaction sites were provided in Supplementary Table 4. (E) Structural superposition of A9F5-HER2 and H2F5-HER2 complexes showing steric hindrance, suggesting that both nanobodies cannot bind to a single HER2 molecule simultaneously. (F) Superposition of A9F5-HER2, H2F5-HER2, and the trastuzuamb-HER2 complex (PDB ID: 1N8Z). Trastuzumab Fab was shown in medium purple (light chain) and light pink (heavy chain). (G) Superposition of A9F5-HER2, H2F5-HER2, and the HER2-HER3-NRG1β dimer complex (PDB ID: 7MN5). The HER2-HER3-NRG1β dimer complex was shown in light gray. (H) Superposition of A9F5-HER2, H2F5-HER2, and the HER2-EGFR-EGF dimer complex (PDB ID: 8HGO). The HER2-EGFR-EGF dimer complex was shown in wheat. (I) Putative trans-binding model of AH engaging adjacent two HER2 molecules via a single nanobody arm. HER2-ECD was colored sea green. Dashed lines (watermelon pink) indicate distances between the C-terminus of A9F5 and the N-terminus of H2F5. (J) Putative binding model of AH engaging four HER2 molecules via dual nanobody arms. The distances between the C-termini of H2F5 domains from different arms were indicated by dashed lines (watermelon pink). (K) Schematic illustration of AH-driven HER2 clustering on the cell surface through multivalent trans-binding mode.

Superposition of the A9F5-HER2 and H2F5-HER2 complexes revealed substantial steric interference between the nanobody variable domains (Figure 5E). The relative approach angles bring the frameworks and complementarity-determining regions (CDR) loops into proximity, generating clashes that would preclude simultaneous cis-binding to a single HER2 molecule. Although minor conformational adjustments could partially alleviate overlap, the geometry suggests that AH is predisposed to engage HER2 in a trans-configuration.

To assess compatibility with clinically and biologically relevant HER2 states, the predicted complexes were superposed onto structures of trastuzumab−bound HER2 (PDB ID: 1N8Z), the HER2-HER3-NRG1β dimer (PDB ID: 7MN5), and the HER2-EGFR-EGF dimer (PDB ID: 8HGO) (Figures 5F–H). No major steric clashes were observed between the modeled A9F5 or H2F5 poses and trastuzumab, consistent with the functional synergy between AH and trastuzumab. Epitope accessibility was largely retained in the context of HER2-driven heterodimers, although proximity to the dimerization arms could modulate binding orientation or avidity (Figures 5G, H). These comparisons indicate that AH could recognize HER2 across multiple receptor conformational states present on tumor cells.

A9F5 and H2F5 are linked in tandem by a flexible (GGGGS)3 linker (~57 Å) within AH. Structural alignment of the nanobody-HER2 complexes showed that the distance between the A9F5 C−terminus and H2F5 N−terminus, when bound to adjacent HER2 molecules, is ~36.1 Å—well within the reach of the (GGGGS)3 linker (Figure 5I). This geometry would permit a single AH arm to bridge two HER2 molecules in trans-mode without requiring full linker extension, providing a structural basis for receptor clustering on the cell surface. Full−length AH incorporates an IgG Fc, yielding a tetravalent (two−arm) architecture. Modeling of the Fc−linked dimer indicated that the distance between the two biparatopic arms is ~70.1 Å (Figure 5J). This inter−arm span is shorter than the mean distance (117–134 Å) between antigen−binding sites in conventional IgG. This compact arrangement may draw additional HER2 molecules into proximity. Consequently, a single AH molecule could, in principle, engage up to four HER2 molecules (two per arm), leading to the formation of higher-order oligomers on the cell surface (Figure 5J). These structural analyses support a model in which AH promotes multivalent HER2 clustering through a trans-binding mechanism (Figure 5K).





4 Discussion

BpAbs represent a promising strategy to improve HER2-targeted therapy by simultaneously engaging multiple epitopes on the HER2-ECD, thereby enhancing receptor clustering, internalization, and inhibition of downstream signaling (54). In this work, a biparatopic nanobody-based binder, A9F5-H2F5-Fc (AH), was designed to target non-overlapping epitopes on ECD I and ECD II. AH exhibited potent and selective antitumor activity in HER2-overexpressing tumor models, including trastuzumab-resistant cell lines, underscoring its potential as a next-generation HER2-targeted agent.

Activating or acquired mutations within HER2-ECD have emerged as key drivers of antibody resistance (55–57). Such mutations can reduce the binding affinity of existing anti-HER2 antibodies and diminish therapeutic efficacy (26). Biparatopic constructs may retain sufficient binding affinity even in the presence of HER2 mutations, preserving antitumor activity (Figure 2E). Notably, the development of bsAbs requires biologically informed design to select epitope locations, affinity ranges, and optimal formats (58–61). The design of AH was guided by complementary epitope recognition between A9F5 and H2F5. Structural modeling revealed that A9F5 spans ECD I and ECD II, whereas H2F5 binds a distinct region within ECD II, resulting in minimal epitope overlap. This configuration enables cooperative trans-binding and receptor clustering, which are not achievable with a single VHH-Fc construct. Compared with monospecific formats, the biparatopic architecture enhances avidity and promotes HER2 internalization and degradation, leading to superior functional efficacy. These findings highlight the structural and mechanistic rationale underlying the selection of the A9F5-H2F5 combination for bpAb design.

An unbiased screening strategy was employed to identify the optimal AH format. First, we found that some constructs exhibited reduced expression without sharing common features (Figures 1C,D). This observation likely reflects structural or steric constraints imposed by certain nanobody combinations, which may interfere with proper folding, secretion, or overall protein stability. Such challenges underscore the importance of empirical screening to identify well-expressed and functional biparatopic constructs. Second, the Nb1-Nb2-Fc format demonstrated superior antitumor activity compared to the Nb1-Fc-Nb2 format (Figures 1E, F). This may be due to the Nb1-Fc-Nb2 configuration imposing steric constraints that interfere with simultaneous engagement of both epitopes, thereby reducing effective biparatopic binding. These observations highlight that both linker orientation and nanobody placement are critical for preserving productive dual-epitope binding and maximizing functional activity of biparatopic constructs. Third, ECD-I engagement emerged as a key determinant of functionality. Although ECD I does not directly mediate HER2 dimerization, it contributes to the formation of a binding pocket for the DA of other HER2 partners (42, 62–64). Anti-HER2 bsAbs incorporating ECD-I binding modules have shown promising efficacy in preclinical studies (43, 65). For instance, zenocutuzumab, a HER2/HER3 bsAb generated by using an ECD I-binding mAb (MF3958) and an anti-HER3 ECD III mAb (MF3178), effectively inhibits HRG-driven proliferation through a “dock & block” mechanism (18). Similarly, our AH construct, targeting ECD I and ECD II, exhibited potent inhibitory activity in ligand-driven tumor models via trans-binding and multivalent HER2 clustering (Figure 5K). Collectively, these findings underscore the unique structural and functional relevance of ECD I in HER2 biology, and highlight its therapeutic potential as a complementary target to ECD II blockade for overcoming resistance to existing HER2 therapies.

Nanobody affinity was not linearly correlated with bpAb efficacy. A9B5 (KD = 7.8 nM) and A9F5 (KD = 19.4 nM) are affinity-matured variants of the same parent nanobody (32). Despite higher affinity, A9B5-H2F5-Fc displayed lower antitumor efficacy than A9F5-H2F5-Fc (AH), suggesting that affinity alone does not predict functional performance (Figure 1E). The moderate affinity of A9F5 may favor productive trans-binding to adjacent HER2 molecules, promoting receptor clustering without premature dissociation. Consistently, AH treatment induced HER2 internalization and subsequent protein downregulation, indicating efficient trafficking to lysosomes. This multivalent engagement facilitates receptor degradation and enhanced signal attenuation, thereby contributing to the superior antitumor activity observed for AH. These observations highlight that structural configuration, epitope location, and dynamic binding kinetics collectively determine the functional performance of biparatopic constructs.

In comparison to existing anti-HER2 bpAbs such as anbenitamab and zanidatamab, AH offers unique structural and functional advantages. Both anbenitamab and zanidatamab are IgG1-based constructs targeting HER2 ECD II and ECD IV (23, 24, 66). These bpAbs have demonstrated superior antitumor activity over trastuzumab and pertuzumab by leveraging dual-epitope binding to promote receptor downregulation, signal inhibition, and immune effector functions such as ADCC and complement-dependent cytotoxicity (CDC) (67, 68). However, they require complex engineering platforms—Fc-based heterodimerization for anbenitamab and asymmetric pairing for zanidatamab—resulting in challenges related to heavy chain pairing, manufacturing scalability, and product homogeneity. In contrast, AH employs a tandem VHH-Fc architecture composed of a single polypeptide chain, simplifying expression and minimizing risks of chain mispairing or undesired self-association (Figure 1B). This symmetric design ensures consistent product quality and favorable developability (Figures 2A, B).

Receptor internalization is a key mechanism through which anti-HER2 agents suppress oncogenic signaling (47, 69, 70). AH was shown to induce significantly higher HER2 internalization rate than trastuzumab, pertuzumab, or their combination in both high- and low-HER2–expressing cell lines (Figure 3). Confocal imaging confirmed that AH facilitated HER2 redistribution to intracellular compartments and enhanced lysosomal co-localization (Figure 3C). The magnitude of this effect correlated with HER2 expression level and was further potentiated by co-treatment with trastuzumab, consistent with their non-competing epitopes (Figure 3D). This enhanced internalization is expected to not only reduce HER2 surface density but also improve ADC delivery, thereby broadening AH’s translational utility.

Ligand-induced HER2 heterodimerization drives compensatory signaling and contributes to trastuzumab resistance (49, 51, 71, 72). Interfering with this ligand-mediated dimerization is therefore a rational strategy to restore the antitumor activity in resistant tumors. The H2F5 nanobody module within AH targets an epitope overlapping with that of pertuzumab (ECD II), suggesting that AH may exert comparable inhibitory effects (32). Indeed, AH alone demonstrated growth inhibition equal to or exceeding that of the trastuzumab-plus-pertuzumab combination, regardless of ligand stimulation. Furthermore, synergistic activity with trastuzumab was observed in ligand-driven models across HER2-positive gastric (NCI-N87) and breast cancer (SKBR3 and BT474) cell lines (Figure 4). In ligand-stimulated conditions, the AH-trastuzumab combination outperformed the trastuzumab-pertuzumab combination, indicating the ability of AH as a favorable synergistic partner to overcome ligand-mediated resistance mechanisms (Figures 4B, C). The observed synergy between AH and trastuzumab likely arises from complementary mechanisms of HER2 inhibition rather than direct molecular cooperation. Structurally, AH and trastuzumab recognize non-overlapping epitopes on HER2, enabling simultaneous receptor engagement and more complete inhibition of receptor signaling. Functionally, AH promotes HER2 internalization and degradation, while trastuzumab blocks ligand-independent HER2 activation and recruits immune effector mechanisms via its Fc domain. Since AH also contains a human IgG1 Fc fragment, it may similarly engage immune effector pathways such as ADCC and CDC, which are known to contribute to the therapeutic efficacy of IgG1-based antibodies. Although the present study primarily focuses on receptor-level mechanisms, these Fc-mediated immune functions could further potentiate the antitumor activity of AH in vivo and merit future investigation. Their combination therefore exerts dual blockade on HER2 signaling—reducing receptor density at the cell surface and suppressing downstream proliferative pathways—leading to enhanced growth inhibition even in trastuzumab-resistant models. Consistent with this, increased receptor internalization was observed upon co-treatment, supporting a synergistic mode of action rather than simple additive effects.

To define the structural basis of AH engagement, complexes between each nanobody and HER2-ECD were predicted using AlphaFold 3. The top-ranked models positioned A9F5 across both ECD I and ECD II, forming eight hydrogen-bonding contacts—including five contacts with ECD I (R98, R100, R143, S209, and S214) and three contacts with ECD II (K228, D234, and C244) (Figure 5C, Supplementary Table 4)—whereas H2F5 engaged two contacts in ECD II (both involving K228) (Figure 5D). These results suggest largely non-overlapping epitopes for A9F5 and H2F5, with K228 as the only shared contact site. Interestingly, experimental mapping by ELISA revealed predominant binding of A9F5 to ECD I and a loss of H2F5 reactivity toward HER2-mD2, despite structural modeling implicating ECD II contacts. This apparent discrepancy likely reflects limitations of the chimeric domain-swap approach: although residues such as K228 are conserved, the replacement of entire subdomains can introduce subtle conformational changes that disrupt the local architecture required for nanobody recognition. Thus, while structural modeling delineates potential interaction interfaces across HER2 domains, ELISA captures the functional epitope accessibility in a cellularly expressed context. Reconciling these results, we propose that A9F5 functionally engages HER2 primarily through ECD I, with auxiliary contacts in ECD II, whereas H2F5 recognition of ECD II is sensitive to conformational context. Superposition of the A9F5-HER2 and H2F5-HER2 complexes further indicated steric interference in cis-binding, favoring a trans-configuration in which the flexible (GGGGS)3 linker (~57 Å) accommodates inter-epitope distances (~36 Å) between adjacent HER2 molecules, and Fc-mediated dimerization enables tetravalent engagement conducive to multivalent receptor clustering (Figures 5E–K). This integrated model explains the enhanced receptor internalization and antitumor efficacy of AH compared to conventional anti-HER2 antibodies.

Despite these promising findings, this study has several limitations. First, although AH demonstrated enhanced internalization and antitumor activity in vitro, in vivo validation using patient-derived xenografts (PDXs) or transgenic models that better recapitulate HER2 expression heterogeneity is warranted. Second, head-to-head comparisons with clinically advanced bpAbs such as anbenitamab or zanidatamab were not conducted. Such comparisons will be essential to benchmark efficacy, Fc-mediated immune effector functions, and pharmacokinetic behaviors. Third, the long-term safety and potential immunogenicity of the nanobody-based format require further evaluation in non-human primates. Finally, the predicted nanobody–HER2 interactions were based on AlphaFold structural models. Although AlphaFold provides near-experimental accuracy, definitive structural insights will require validation by cryo-electron microscopy or X-ray crystallography, complemented by subsequent biological experiments.




5 Conclusion

In summary, the biparatopic nanobody-based binder AH combines structural simplicity with potent functional activity, leveraging the advantages of nanobody engineering and biparatopic targeting to address key resistance mechanisms in HER2-positive cancers. AH promotes robust HER2 internalization and degradation, while its modular VHH-Fc format supports favorable manufacturability. In in vitro models, AH demonstrates synergy with trastuzumab, suggesting potential utility in combination regimens for tumors refractory to current HER2-directed therapies. Future studies will be essential to define its in vivo antitumor efficacy, pharmacokinetics, and immunogenicity, and to assess its translational potential within the evolving landscape of HER2-targeted treatment strategies.
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