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Introduction

Bispecific antibodies (BsAbs) can simultaneously target two epitopes of different antigenic targets, bringing possibilities for diversity in antibody drug design and are promising tools for the treatment of cancers and other diseases. T-cell engaging bsAb is an important application of the bispecific antibody, which could promote T cell-mediated tumor cell killing by targeting tumor-associated antigen (TAA) and CD3 at the same time.





Methods

This study comprised antibodies purification, Elisa assay for antigen binding, cytotoxicity assays, T cell activation by flow cytometry in vitro and xenogenic tumor model in vivo.





Results

We present a novel bsAb platform named PHE-Ig technique to promote cognate heavy chain (HC)-light chain (LC) pairing by replacing the CH1/CL regions of different monoclonal antibodies (mAbs) with the natural A and B chains of PHE1 fragment of Integrin β2 based on the knob-in-hole (KIH) technology. We had also verified that PHE-Ig technology can be effectively used as a platform to synthesize different desired bsAbs for T-cell immunotherapy. Especially, BCMA×CD3 PHE-Ig bsAbs exhibited robust anti-multiple myeloma (MM) activity in vitro and in vivo.





Discussion

Moreover, PHE1 domain was further shortened with D14G and R41S mutations, named PHE-S, and the PHE-S-based BCMA×CD3 bsAbs also showed anti BCMA+ tumor effect in vitro and in vivo, bringing more possibilities for the development and optimization of different bsAbs. To sum up, PHE1-based IgG-like antibody platform for bsAb construction provides a novel strategy for enhanced T-cell immunotherapy.
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Introduction

Bispecific antibodies (BsAbs) refer to the artificial antibodies that specifically bind to two antigens or epitopes at the same time (1). Since 1960, when the concept of bsAbs was first introduced, chemical coupling, two-hybrid tumor fusion, and genetic engineering techniques have been used to prepare bsAbs (2). In recent years, with the gradual maturation of recombinant antibody expression and purification technology in vitro, bsAbs have even shown a clear blowout trend. The simultaneous targeting of different specific antigenic epitopes has made bsAbs a hot topic in the field of pharmaceutical research and development, due to the fact that they make it possible to inhibit angiogenesis, decay tumor growth or even enhance tumor immunity with a single antibody at the same time (3–6). Besides, bsAbs could also serve as a bridge between two proteins or even two types of cells. For example, Emicizumab could bind to FX and FIX, promote the coagulation cascade and be used for the treatment of Hemophilia A (7). Blinatumomab is another marketed bsAbs, which binds to CD3 and CD19, bridges the T cell and the tumor cell of multiple myeloma and thus kills tumor cells (8). Other bispecific antibody (bsAb) application similar to Blinatumomab could be defined as bispecific T-cell engager (BiTE), which contains two different single-chain fragment variable (scFV) antibodies to two different targets and could promote T cell-mediated tumor cell killing by targeting tumor-associated antigen (TAA) and CD3 at the same time (9, 10).

BsAb consists of four different heavy chains and light chains, which gives rise to the high probability of the mis-assembly of light and heavy chains, making it difficult to purify the desired combination that we need (11). To solve this problem, some strategies have been developed. Among them, konb-in-holes (KIH) technology could reduce the probability of mismatch between two heavy chains of bsAbs by introducing the mutations in the CH3 domain on one heavy chain of bsAbs (12). CrossMab is a technique that interchanges the Fab region, VH-VL region or CH1-CL region of one side of bsAbs, which could increase the chance of correct matching between heavy chain and light chain (13). In addition, there are now bsAbs that do not contain the Fc region, and consist mainly of scFV forms of different antibodies or single-domain antibodies in tandem (14). Among which, BiTE expands the application of bsAbs that can be used in T-cell immunotherapy (15).

PHE1 is a natural structure of Integrin β2 subunit with A and B chains, consisting of the PSI, hybrid, and I-EGF1 domains (PDB: 2P28), which might replace CH1 and CL domain of antibodies and increase the probability of desired pairing of antibody heavy and light chains (16). Through analyzing multi-protein structures, it was found that the replacement of CH1 domain with PHE1 B chain and the replacement of CL domain with PHE1 A chain could form a stable heterodimer. This natural structure may avoid the mismatch of light and heavy chains in bsAbs and serve as an effective tool for designing a novel bispecific IgG-like antibody platform. At the same time, KIH technology is also used to avoid the problem of heavy chain mismatch. Here, we named it PHE-Ig technology. Currently, T-cell-engaging bsAb is an important application of bsAbs. Here, we initially verified the feasibility of PHE-Ig technology by synthesizing three different T-cell engaging bsAbs by PHE-Ig technology. One of these bsAbs, BCMA×CD3, was used as the primary target to verify that the BCMA×CD3 PHE1-based bsAb could mediate T cell killing of tumor cells both in vivo and in vitro.

In this study, we developed the PHE-Ig technology and found the PHE1-based bsAb synthesized by PHE-Ig technology can perform its function in vivo and in vitro. And we further shortened the structure of PHE1-A and B chains into PHE-S, which can also be used for bsAb production, bringing more possibilities for the development and optimization of different bsAbs. To sum up, PHE1-based IgG-like antibody platform for bsAb construction provides a novel strategy for enhanced T-cell immunotherapy.





Methods




Design of antibodies

We used the structure of IgG4 as the basic skeleton to construct bsAbs and used KIH technology to avoid heavy chain mis-assembly. Chain A and B of PHE1 have a natural heterodimer-like structure which has a disulfide bond (Cys33-Cys447). PHE1 A chain (23-122 amino acids) and PHE1 B chain (362-482 amino acids) of Integrin beta-2 were used to replace the CH1-CL domain to resolve light chain mismatch during the expression of bsAbs (PDB:2P28). The length of the A and B chains of PHE1 were further shortened and made mutations at D14G and R41S to obtain the PHE-S-Ig technology. The sequences of anti-CD19, anti-EGFR, anti-BCMA and anti-CD3 antibodies were derived from Blinatumomab, Panitumumab, Belantamab, Mosunetuzumab and OKT3.





Purification of antibodies

The respective light and heavy chain plasmids were designed according to the antibody construction strategy. The corresponding plasmids were transiently transfected into CHO cells using electroporation. After electroporation, the cells were incubated in shake flasks at 37°C, 120 rpm, 8% CO2 for 24 h. And then, commercial supplements were added. Cells were cultured at 37°C for four days. The supernatant was collected by centrifugation and purified by protein A affinity chromatography. Afterwards, the purity of the proteins was examined by SDS-PAGE and SEC.





Antigen binding

To assess the ability of antibodies binding to antigens, we used Enzyme-linked immunosorbent assay (ELISA). 96-well plates were coated with CD19, EGFR, BCMA and CD3 (Sino Biological Inc) overnight at 4°C and then blocked with 2% BSA for 1 hour at room temperature. BsAbs and control antibodies were diluted by 2% BSA and incubated for 1 hour at room temperature. Plates were washed three times with PBST (PBS with 0.005% Tween 20). Horseradish peroxidase (HRP)-conjugated anti-human IgG Fc antibodies (Thermo Fisher Scientific) were incubated for 1 hour at room temperature. TMB (Thermo Fisher Scientific) was used as substrates. Reaction was terminated by 2M H2SO4 and absorption was measured at a wavelength of 450 nM.

Flow cytometry was used to evaluate the ability of antibodies binding to antigens on cell surface. T cells or NCI-H929 were incubated with bsAbs and control antibodies for 1 hour at 4°C and then washed three times with FACS buffer. Alexa Fluor® 647 AffiniPure™ Alpaca Anti-human IgG (Jackson ImmunoResearch) was used to detect the bound antibodies. Flow cytometry was performed by using CytoFLEX LX (Beckman) and data were analyzed by using FlowJo (BD biosciences).





Cytotoxicity assays and T-cell activation

Human peripheral blood mononuclear cells (PBMCs) were isolated from healthy donors by using Ficoll-Paque PLUS (Cytiva). And then, T cells were isolated by using EasySep™ Human T Cell Isolation Kit (Stemcell Technologies) from PBMCs. To evaluate the killing of NCI-H929, 1 × 105 NCI-H929 cells/well were plated in 96-well plates (10:1 effector-to-target [E:T] ratio) with T cells and antibodies for 24 hours at 37°C. Killing of NCI-H929 was measure by quantifying lactate dehydrogenase (LDH) released from dead cells into the supernatant (LDH Assay Kit, Beyotime Biotechnology). TNF-α and IFN-γ were released and CD25 was expressed on T cell surface when T cells were activated. TNF-α and IFN-γ were measured using ELISA MAX™ Deluxe Set Human IFN-γ and ELISA MAX™ Deluxe Set Human TNF-α (BioLegend). CD25-postive T cells were analyze by flow cytometry.





Xenogenic tumor model

NOD-scid-IL2Rgnull (NSG) mice were purchased from Shanghai Model Organisms Center, Inc. (Shanghai, China). NSG mice (8–10 weeks) were injected intravenously with 5 ×106 NCI-H929- Luciferase cells (purchased from Shanghai Model Organisms Center, Inc.). Mice were injected intravenously with a mixture of 1 × 107 human PBMC and antibodies (0.5 mg/kg) after five days. Antibodies (0.5 mg/kg) were administered every two days and mice were analyzed by using bioluminescence imaging (BLI) to track tumor burden. The Shanghai Jiao Tong University School of Medicine Animal Care and Use Committee approved the animal research.






Results




PHE-Ig technology can be effectively applied to synthesize PHE1-based bsAbs

On the basis of KIH technology, we used the A and B chains of PHE1 to replace the CH1-CL domains in order to ensure the effective production of bsAbs (Figure 1A). CD19, epidermal growth factor receptor (EGFR) and B cell maturation antigen (BCMA) are effective anti-tumor targets in clinical practice (17–20). To test whether PHE1-based bsAbs could be produced efficiently, we generated three T-cell-engaging PHE1-based bsAbs CD3×CD19, CD3×EGFR, and CD3×BCMA (Figure 1B). The anti-CD3 domain is selected for the variable domains on the unmodified side and the anti-tumor target domain (anti-CD19, anti-EGFR, anti-BCMA) is assembled in the variable domains on the modified (PHE1) side. The corresponding plasmids were designed to be co-expressed in CHO cells and then the corresponding bsAbs were obtained respectively. The three bsAbs are purified by protein A affinity chromatography with yields of 151.2 mg/L (CD3×CD19), 152.5 mg/L (CD3×EGFR), and 121.5 mg/L (CD3×BCMA) (Figure 1H). The predicted molecular mass of CD3×CD19 and CD3×BCMA was 149 kDa, and that of CD3×EGFR was 148 kDa. SDS-PAGE analysis showed a band at approximately 150 kDa under non-reducing conditions, representing the PHE1-based bsAbs successfully assembled (Figure 1C). SEC Analysis of CD3×CD19 and CD3×BCMA showed a single peak, and that of CD3×EGFR showed a single peak with low levels of aggregates (Figure 1D). CD3×CD19 and CD3×BCMA were predominantly (>95%) monomeric in content, CD3×EGFR was >85% monomeric in content. The above results indicated that PHE1-based bsAbs can be efficiently produced. Finally, CD3, CD19, EGFR and BCMA were used as fixed antigens respectively, and ELISA binding results showed that CD3×CD19, CD3×EGFR, and CD3×BCMA could specifically bind to their respective targets (Figures 1E–G). The above results indicated that the PHE-Ig technology can be applied to synthesize different bsAbs, suggesting the general applicability of PHE-Ig technology.




Figure 1 | PHE-Ig technology can be effectively applied to synthesize PHE1-based bsAbs. (A) Protein structure of the A and B chains of PHE1, with the A chain represented in yellow and the B chain in red. (B) Schematic diagram of PHE1-based bsAbs includes a schematic of the light chain (LC) and heavy chain (HC) of PHE1-based bsAb and a schematic of the overall structure. PHA refers to the 23–122 amino acids of integrin beta-2 and PHB refers to a part of the 362–482 amino acids of integrin beta-2. (C) SDS-PAGE analysis of PHE1-based bsAb CD3×CD19, CD3×EGFR and CD3×BCMA under reducing or non-reducing conditions. M stands for marker, R for the reduced state, and N-R for the non-reduced case. (D) SEC analysis of PHE1-based bsAb CD3×CD19, CD3×EGFR and CD3×BCMA. (E) Schematic structure of CD3×CD19, and the ELISA testing binding of CD3×CD19 to CD3 and CD19 respectively. Mean ± SD, n = 3. ***P < 0.005. (F) Schematic structure of CD3×EGFR, and ELISA testing binding of CD3×EGFR to CD3 and EGFR respectively. Mean ± SD, n = 3. ***P < 0.005. (G) Schematic structure of CD3×BCMA, and ELISA testing binding of CD3×BCMA to CD3 and BCMA respectively. Mean ± SD, n = 3. ***P < 0.005. (H) The yields of CD3×CD19, CD3×EGFR and CD3×BCMA after purification.







Functional characterization of BCMA×CD3 PHE1-based bsAb

We have verified the feasibility of the PHE-Ig technique for synthesizing bsAbs. BCMA is highly selectively expressed in malignant plasma cells (PCs) and is an effective therapeutic target for MM (14, 21). Therefore, BCMA×CD3 (anti-CD3 variable domain on the PHE1-side of the antibody) was selected to further assess the function characterization of PHE1-based bsAbs (Figure 2A). ELISA results showed that BCMA×CD3 specifically bound to BCMA similar to anti-BCMA mAb and bound to CD3 as anti-CD3 mAb, both in a concentration-dependent manner (Figure 2B). BCMA×CD3 could also bind to human T (CD3+) and NCI-H929 cells (BCMA+, human myeloma cell) similar to corresponding parental mAbs, which were analyzed by flow cytometry (Figures 2C–F). Moreover, BCMA×CD3 was able to mediate T cell cytotoxicity against NCI-H929 (Figures 2G, H), which was accompanied with the production of TNF-α, IFN-γ and IL2 cytokines (Figures 2I, J; Supplementary Figure 2E), the expression of the activation and proliferation marker on T cells (Figures 2K, L; Supplementary Figures 2A–D). In conclusion, we used PHE-Ig technology to generate BCMA×CD3 PHE1-based bsAbs, which can effectively induce T-cell-mediated tumor cell killing and activation of T cells. These results demonstrated that PHE-Ig technology can be used for the production of T-cell-engaging bsAb.




Figure 2 | Functional characterization of BCMA×CD3 PHE1-based bsAb. (A) Schematic structure of BCMA×CD3. (B) ELISA testing binding of BCMA×CD3 specifically to CD3 and BCMA, respectively. Parental mAbs were included as control. Mean ± SD, n = 3. (C, D) Flow cytometry analysis binding of BCMA×CD3 to human T (CD3+) cells. Parental mAbs were included as control. Mean ± SD, n = 3. Ns, P > 0.05; ***P < 0.005. (E, F) Flow cytometry analysis binding of BCMA×CD3 to NCI-H929 (BCMA+) cells. Parental mAbs were included as control. Mean ± SD, n = 3. Ns, P > 0.05; ***P < 0.005. (G) The pattern diagram of BCMA×CD3 mediated T cells killing NCI-H929 cells. (H) NCI-H929 cells were co-incubated with T cells (E:T=10:1) and BCMA×CD3 (10µg/mL) for 24 hours. The levels of tumor killing was indicated by measuring the release of lactated hydrogenase (LDH). Mean ± SD, n = 3. ***P < 0.005. (I, J) Cytokines (IFN-γ and TNF-α) released from T cells cocultured with the NCI-H929 cells in the presence of BCMA×CD3 (10µg/mL) for 24 hours. Mean ± SD, n = 3. **P < 0.01; ***P < 0.005. (K, L) H929 cells, T cells (E:T=1:10) and BCMA×CD3 (10 μg/mL) were co-incubated for 24 hours and then the level of CD25+ T cells was detected by flow cytometry. Parental mAbs were included as control. Mean ± SD, n = 3. Ns, P > 0.05; ***P < 0.005.







PHE-S-Ig technology is able to form functional BCMA×CD3 bsAb

Bispecific antibodies contain two distinct, variable regions that recognize different antigenic epitopes. Although the substitution of the PHE-1 for one of the CH1-CL pairs in the antibody can be used to form stable and functional bispecific antibodies, other possibilities based on the PHE-1 structure are still needed for the development and optimization of bispecific antibodies. We thus designed a series of engineering schemes to shorten the protein structure of PHE1. In the new PHE-S-Ig technology, we shortened the length of PHE1, made mutations at D14G, R41S and obtained a new stable heterodimer, which was further used to replace the CH1-CL regions of antibodies with KIH technology, producing a novel PHE-S-based bsAb structure (Figure 3A). To test its efficacy, we synthesized BCMA×CD3-S using the same variable domains as BCMA×CD3 based on PHE-S-Ig technology. Plasmids of the respective corresponding light and heavy chains were designed and co-transfected into CHO cells, and BCMA×CD3-S were obtained by protein A affinity chromatography purification. The yield of BCMA×CD3-S was 231.1 mg/L, comparable to PHE1-based BCMA×CD3 bsAb, but higher to crossmab-based BCMA×CD3 bsAb (Supplementary Figures 1A–C). SDS-PAGE analysis of BCMA×CD3-S showed a band at 100–150 kDa under non-reducing conditions, consistent with its predicted molecular mass (Figure 3B). SEC result exhibited a single peak of BCMA×CD3-S (Figure 3C). BCMA×CD3-S bsAb bound to BCMA and CD3 in a concentration-dependent manner (Figure 3D) and could specifically combined to T cells and NCI-H929 (Figures 3E–H) as BCMA×CD3. The killing effect of BCMA×CD3-S mediated T cells on NCI-H929 cells was also determined (10 µg/mL, E:T=10:1). BCMA×CD3-S has an increased tumor cell killing rate, compared to BCMA×CD3 in vitro (Figures 3I, J). In the process of BCMA×CD3-S-mediated T cell killing of NCI-H929, the cytokines TNF-α, IFN-γ and IL2 were also produced (Figures 3K, L; Supplementary Figure 3C) and the activation and proliferation marker was expressed on T cells (Figures 3M, N; Supplementary Figures 3A, B, D, E). Moreover, the fluorescence micrography results showed that both BCMA × CD3 and BCMA × CD3-S bsAbs could bring T cells closer to H929 cells compared with control group (Supplementary Figure 3F). Sum up, BCMA×CD3-S synthesized by PHE-S-Ig technique were also effective to induce T cell-mediated anti-tumor than BCMA×CD3 in vitro.




Figure 3 | PHE-S-Ig technology is able to form functional BCMA×CD3 bsAb. (A) The structures of the shortened and mutated A and B chains of PHE1 protein, named PHE-S, the shortened A chain represented in yellow, the shortened B chain in red, and the mutated amino acids in blue. (B) SDS-PAGE analysis of BCMA×CD3-S. (C) SEC analysis of BCMA×CD3-S. (D) ELISA testing binding of BCMA×CD3-S to CD3 and BCMA proteins, respectively. Parental mAbs were included as control. Mean ± SD, n = 3. (E, F) Flow cytometry analysis binding of BCMA×CD3-S to NCI-H929 (BCMA+) cells. BCMA×CD3 were included as control. Mean ± SD, n=3. Ns, P > 0.05. (G, H) Flow cytometry analysis binding of BCMA×CD3-S to human T (CD3+) cells. BCMA×CD3 were included as control. Mean ± SD, n=3. Ns, P > 0.05. (I) The pattern diagram of BCMA×CD3-S mediated T cells killing NCI-H929 cells. (J) NCI-H929 cells were co-incubated with T cells (E:T=10:1) and BCMA×CD3-S (10μg/mL) for 24 hours. The levels of tumor killing was indicated by measuring the release of lactated hydrogenase (LDH). Mean ± SD, n = 3. **P < 0.01. (K, L) Cytokines (IFN-γ and TNF-α) released from T cells cocultured with the NCI-H929 cells in the presence of BCMA×CD3-S (10µg/mL) for 24 hours. Mean ± SD, n = 3. Ns, P > 0.05. (M, N) H929 cells, T cells (E:T=1:10) and BCMA×CD3-S (10 µg/mL) were co-incubated for 24 hours and then the level of CD25+ T cells was detected by flow cytometry. Mean ± SD, n = 3. Ns, P > 0.05.







The BCMA×CD3 and BCMA×CD3-S showed anti-MM efficacy in NCI-H929-mediated MM model

To assess the anti-tumor efficacy of BCMA×CD3 and BCMA×CD3-S in vivo, we established the NCI-H929-mediated MM models. NCI-H929-luciferase-positive cells were injected intravenously into NSG mice. These mice received a mixture of antibodies and PBMC after five days, followed by injections of antibodies every two days. Both BCMA×CD3 and BCMA×CD3-S significantly suppressed tumor growth (Figures 4A, B), as well as had a protective effect on the survival of NCI-H929-bearing NSG mice (Figure 4C). The result indicated that the PHE-Ig and PHE-S-Ig technology may enable T-cell-engaging bsAb to perform corresponding functions in vivo, as manifested in this study by in vivo mediating T cell killing of tumor cells. To sum up, both PHE-Ig and PHE-S-Ig technology enable bsAbs to exert their biological functions in vivo.




Figure 4 | BCMA×CD3 and BCMA×CD3-S showed significant antitumor efficacy in NCI-H929-mediated MM model. (A) NSG mice that had been injected intravenously with NCI-H929-Luc cells for five days were engrafted intravenously with PBMC and received intravenously BCMA×CD3 and BCMA×CD3-S every 2 days. The bioluminescence imaging (BLI) showed their antitumor effects. (B) Quantification of NCI-H929 burden indicated by the radiance detected in the region of interest with group values. ROI, the region of interest. Mean ± SD, n = 3. ***P < 0.005. (C) Kaplan Myer survival curve of mice. Significance measured by Log-rank Mantel-Cox test. n = 3, *P < 0.05.








Discussion

In 1960, Nisonoff et al. introduced the concept of bispecific antibodies (bsAbs) for the first time, opening up a new direction in antibody research and development (22, 23). The treatment of tumors was the first promising applications of bsAbs. Compared with monoclonal antibodies, bsAbs with two different antigen-binding sites hold great therapeutic promise (24, 25). Catumaxomab and Blinatumomab were the first two bsAbs that was approved for the treatment of malignant ascites and B-cell acute lymphoblastic leukemia (26, 27). Both of which include an anti-CD3 side, and another anti-TAA side, allowing for the T-cell mediated anti-tumor immunotherapy. In addition, bsAbs can also target different antigens on the surface of the same cell at the same time, thus enhancing the anti-tumor specificity and effectiveness of the antibody drug (28). For instance, Amivantamab (EGFR×MET) designed for non-small-cell lung cancer exhibit impressive clinical results (29). As bsAbs continue to be investigated, their value for other applications such as the treatment of non-tumor diseases is also continuously developed (30). Emicizumab was designed for the treatment of hemophilia A which can to bind specifically to FIXa and FX factors, mimicking the activity of FVIIIa (31). Currently, the application value of bsAbs is constantly being explored and it is of great significance to develop more effective bsAbs platforms (32).

BsAbs platforms have been developed and applied, which are mainly categorized into two types: bsAb platforms without Fc fragments and bsAb platforms with Fc fragments (28). Fc fragment-free bsAb platforms such as Bispecific T cell engager (BiTE) and DART have the advantage of avoiding the mismatch between light and heavy chains and increasing bsAbs permeability due to their small molecular mass, but they have short half-life and cannot be used as a universal technology (29, 33). Fc fragment-containing technology platforms are capable of decreasing the light and heavy chain mismatch, along with a longer half-life and basic effects such as antibody-dependent cell-mediated cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC) (34). They can be further divided into structural symmetry and asymmetric IgG-like bsAbs. Most asymmetric bsAbs are from two different mAbs, normally containing two heterologous heavy chains and two heterologous light chains. However, the difficulty in the production of bsAbs is that the randomly paired heterologous heavy chains and light chains can lead to 90% misassembled species, such as homodimers and molecules with mis-paired light chains (1). Various strategies have been established to enforce desired chain pairing, such as KIH, WuXiBody and CrossMab technologies (12, 13, 35).

PHE1-based bsAb is a novel and efficient bsAb platform, which have a higher production yield than crossmab technology in this study. We replaced the CH1-CL structural domain of human IgG4 with the A and B chains of PHE1 based on the KIH technology to make mAb sequence pair assembled into the bispecific construct. It enables mAb sequence pair to be assembled into a desired bispecific pair using the PHE-Ig technique and had relatively high yields of bsAbs (36, 37). By analysis of the SDS-PAGE and SEC, it was found that PHE1-based bsAb synthesis had low levels of mis-pairs and aggregation. Therefore, introduction of PHE1 fragment of Integrin β2 constant domain into bsAbs construction not only promotes desired chain pairing but also enhances the production and purities of bsAbs. Notably, when assembling the bsAbs using our PHE-Ig technique, the different assembly strategies using PHE-Ig technology may result in different yield rates of bsAbs.

Currently, T-cell engaging bsAbs have been continuously studied intensively, and some other encouraging achievements have been made, such as molecules like Blinatumomab, an anti-CD19/CD3 bsAb, and Teclistamab, an anti-BCMA/CD3 bsAb (38–40). Our PHE1-based anti-BCMA×CD3 bsAbs function as mediators of T cell killing of tumor cells both in vivo and in vitro, demonstrating the effectiveness of employing PHE1-based bsAb at both the cellular and animal levels. As mentioned above, we also shortened the PHE-Ig structure to obtain the PHE-S-Ig structure, which brings a possibility for further development and optimization of bispecific antibodies. In this study, BCMA×CD3-S bsAb treated T cells have a stronger lysis effect than BCMA×CD3 bsAb in vitro. Since the sequence of the variable region of the antibodies and the construction strategy of BCMA×CD3-S and the parental antibody BCMA×CD3 were not changed, the difference in lysis effect of the two may be due to the shortened structure of the PHE-S being more beneficial compared to the natural structure of the PHE1 replacing the CH1-CL structure for this BCMA×CD3 bsAb. However, whether PHE-S-Ig technology could be more efficient than PHE-Ig technology in other bsAbs model, such as CD19×CD3 or EGFR×CD3, requires more studies.

In conclusion, we established that the PHE-Ig technique can be used as a general technique for synthesizing bsAbs, and based on this, we shortened it to obtain the PHE-S-Ig technique. PHE-Ig technology can be used as a platform to synthesize bsAbs in a generalized manner, capable of synthesizing different bsAbs based on different specific variable domains. And the bsAbs synthesized using PHE-Ig and PHE-S-Ig technologies have biological activities in vitro and in vivo. Further experiments need to be taken to prove the safety of its therapeutic application.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. The animal study was approved by The Shanghai Jiao Tong University School of Medicine Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

LW: Writing – review & editing, Writing – original draft, Validation, Supervision, Software, Project administration, Methodology, Investigation, Formal analysis, Data curation, Conceptualization. HJ: Writing – review & editing, Writing – original draft, Validation, Supervision, Software, Project administration, Methodology, Investigation, Formal analysis, Data curation, Conceptualization. XY: Writing – original draft, Software, Investigation, Conceptualization. TL: Writing – original draft, Supervision, Methodology, Data curation. GL: Writing – original draft, Supervision, Methodology, Data curation. CD: Writing – original draft, Supervision, Methodology, Data curation. MY: Writing – original draft, Formal analysis, Data curation, Conceptualization. LZ: Writing – original draft, Formal analysis, Data curation, Conceptualization. JL: Writing – review & editing, Writing – original draft, Visualization, Supervision, Software, Resources, Methodology, Investigation, Funding acquisition, Data curation, Conceptualization. YX: Writing – review & editing, Writing – original draft, Visualization, Validation, Supervision, Software, Resources, Project administration, Methodology, Investigation, Funding acquisition, Formal analysis, Data curation, Conceptualization.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (82030004, 82322004, 82170126 and 82200131), National Key R&D Program of China (2021YFA0804900 and 2023YFC2507800), and Innovative research team of high-level local universities in Shanghai (SHSMUZDCX20211801) and the Postdoctoral Fellowship Program of CPSF (GZB20230432).




Acknowledgments

The authors thank the technical support from Wecomput Technology Co., Ltd. and the Core Facility of Basic Medical Sciences in Shanghai Jiao Tong University School of Medicine.





Conflict of interest

Author JL is employed by Shanghai Synvida Biotechnology Co.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1415834/full#supplementary-material




References

1. Labrijn, AF, Janmaat, ML, Reichert, JM, and Parren, PWHI. Bispecific antibodies: A mechanistic review of the pipeline. Nat Rev Drug Discovery. (2019) 18:585–608. doi: 10.1038/s41573–019-0028–1

2. Li, H, Er Saw, P, and Song, E. Challenges and strategies for next-generation bispecific antibody-based antitumor therapeutics. Cell Mol Immunol. (2020) 17:451–61. doi: 10.1038/s41423–020-0417–8

3. Chen, Y-L, Cui, Y, Liu, X, Liu, G, Dong, X, Tang, L, et al. A bispecific antibody targeting HER2 and PD-L1 inhibits tumor growth with superior efficacy. J Biol Chem. (2021) 297:101420. doi: 10.1016/j.jbc.2021.101420

4. Iizuka, A, Nonomura, C, Ashizawa, T, Kondou, R, Ohshima, K, Sugino, T, et al. A T-cell-engaging B7-H4/CD3-bispecific Fab-scFv antibody targets human breast cancer. Clin Cancer Res. (2019) 25:2925–34. doi: 10.1158/1078–0432.CCR-17–3123

5. Mohan, N, Luo, X, Shen, Y, Olson, Z, Agrawal, A, Endo, Y, et al. A novel bispecific antibody targeting EGFR and VEGFR2 is effective against triple negative breast cancer via multiple mechanisms of action. Cancers. (2021) 13(5). doi: 10.3390/cancers13051027

6. Thakur, A, Huang, M, and Lum, LG. Bispecific antibody based therapeutics: strengths and challenges. Blood Rev. (2018) 32:339–47. doi: 10.1016/j.blre.2018.02.004

7. Knoebl, P, Thaler, J, Jilma, P, Quehenberger, P, Gleixner, K, and Sperr, WR. Emicizumab for the treatment of acquired hemophilia A. Blood. (2021) 137:410–9. doi: 10.1182/blood.2020006315

8. Nagorsen, D, Kufer, P, Baeuerle, PA, and Bargou, R. Blinatumomab: A historical perspective. Pharmacol Ther. (2012) 136:334–42. doi: 10.1016/j.pharmthera.2012.07.013

9. Falchi, L, Vardhana, SA, and Salles, GA. Bispecific antibodies for the treatment of B-cell lymphoma: promises, unknowns, and opportunities. Blood. (2023) 141:467–80. doi: 10.1182/blood.2021011994

10. Wu, Z, and Cheung, NV. T cell engaging bispecific antibody (T-BsAb): from technology to therapeutics. Pharmacol Ther. (2018) 182:161–75. doi: 10.1016/j.pharmthera.2017.08.005

11. Suurs, FV, Lub-de Hooge, MN, de Vries, EGE, and de Groot, DJA. A review of bispecific antibodies and antibody constructs in oncology and clinical challenges. Pharmacol Ther. (2019) 201:103–19. doi: 10.1016/j.pharmthera.2019.04.006

12. Ridgway, JB, Presta, LG, and Carter, P. 'Knobs-into-holes' Engineering of antibody CH3 domains for heavy chain heterodimerization. Protein Eng. (1996) 9:617–21. doi: 10.1093/protein/9.7.617

13. Klein, C, Schaefer, W, and Regula, JT. The use of crossmab technology for the generation of bi- and multispecific antibodies. MAbs. (2016) 8:1010–20. doi: 10.1080/19420862.2016.1197457

14. Sun, W, Wang, X, Wang, D, Lu, L, Lin, H, Zhang, Z, et al. CD40×HER2 bispecific antibody overcomes the CCL2-induced trastuzumab resistance in HER2-positive gastric cancer. J Immunother Cancer. (2022) 10(7). doi: 10.1136/jitc-2022–005063

15. Goebeler, M-E, and Bargou, RC. T cell-engaging therapies - bites and beyond. Nat Rev Clin Oncol. (2020) 17:418–34. doi: 10.1038/s41571–020-0347–5

16. Shi, M, Foo, SY, Tan, S-M, Mitchell, EP, Law, SKA, and Lescar, J. A structural hypothesis for the transition between bent and extended conformations of the leukocyte beta2 integrins. J Biol Chem. (2007) 282:30198–206. doi: 10.1074/jbc.M701670200

17. Ciardiello, F, and Tortora, G. Egfr antagonists in cancer treatment. N Engl J Med. (2008) 358:1160–74. doi: 10.1056/NEJMra0707704

18. DiLillo, DJ, Olson, K, Mohrs, K, Meagher, TC, Bray, K, Sineshchekova, O, et al. A BCMAxCD3 bispecific T cell-engaging antibody demonstrates robust antitumor efficacy similar to that of anti-BCMA CAR T cells. Blood Adv. (2021) 5:1291–304. doi: 10.1182/bloodadvances.2020002736

19. Guo, X, Wu, Y, Xue, Y, Xie, N, and Shen, G. Revolutionizing cancer immunotherapy: unleashing the potential of bispecific antibodies for targeted treatment. Front Immunol. (2023) 14:1291836. doi: 10.3389/fimmu.2023.1291836

20. Westin, JR, Kersten, MJ, Salles, G, Abramson, JS, Schuster, SJ, Locke, FL, et al. Efficacy and safety of CD19-directed CAR-T cell therapies in patients with relapsed/refractory aggressive B-cell lymphomas: observations from the JULIET, ZUMA-1, and TRANSCEND trials. Am J Hematol. (2021) 96:1295–312. doi: 10.1002/ajh.26301

21. Yu, B, Jiang, T, and Liu, D. Bcma-targeted immunotherapy for multiple myeloma. J Hematol Oncol. (2020) 13:125. doi: 10.1186/s13045–020-00962–7

22. Nisonoff, A, and Rivers, MM. Recombination of a mixture of univalent antibody fragments of different specificity. Arch Biochem Biophys. (1961) 93:460–2. doi: 10.1016/0003-9861(61)90296-X

23. Nisonoff, A, Wissler, FC, and Lipman, LN. Properties of the major component of a peptic digest of rabbit antibody. Science. (1960) 132:1770–1. doi: 10.1126/science.132.3441.1770

24. Fan, G, Wang, Z, Hao, M, and Li, J. Bispecific antibodies and their applications. J Hematol Oncol. (2015) 8:130. doi: 10.1186/s13045–015-0227–0

25. Liguori, L, Polcaro, G, Nigro, A, Conti, V, Sellitto, C, Perri, F, et al. Bispecific antibodies: A novel approach for the treatment of solid tumors. Pharmaceutics. (2022) 14(11). doi: 10.3390/pharmaceutics14112442

26. Frampton, JE. Catumaxomab: in Malignant ascites. Drugs. (2012) 72:1399–410. doi: 10.2165/11209040–000000000–00000

27. Kantarjian, H, Stein, A, Gökbuget, N, Fielding, AK, Schuh, AC, Ribera, J-M, et al. Blinatumomab versus chemotherapy for advanced acute lymphoblastic leukemia. N Engl J Med. (2017) 376:836–47. doi: 10.1056/NEJMoa1609783

28. Sedykh, SE, Prinz, VV, Buneva, VN, and Nevinsky, GA. Bispecific antibodies: design, therapy, perspectives. Drug Design Dev Ther. (2018) 12:195–208. doi: 10.2147/DDDT.S151282

29. Yun, J, Lee, S-H, Kim, S-Y, Jeong, S-Y, Kim, J-H, Pyo, K-H, et al. Antitumor activity of amivantamab (JNJ-61186372), an EGFR-MET bispecific antibody, in diverse models of EGFR exon 20 insertion-driven NSCLC. Cancer Discovery. (2020) 10:1194–209. doi: 10.1158/2159–8290.CD-20–0116

30. Brinkmann, U, and Kontermann, RE. Bispecific antibodies. Science. (2021) 372:916–7. doi: 10.1126/science.abg1209

31. Blair, HA. Emicizumab: A review in hemophilia A. Drugs. (2019) 79:1697–707. doi: 10.1007/s40265–019-01200–2

32. Ma, J, Mo, Y, Tang, M, Shen, J, Qi, Y, Zhao, W, et al. Bispecific antibodies: from research to clinical application. Front Immunol. (2021) 12:626616. doi: 10.3389/fimmu.2021.626616

33. Weidle, UH, Kontermann, RE, and Brinkmann, U. Tumor-antigen-binding bispecific antibodies for cancer treatment. Semin Oncol. (2014) 41:653–60. doi: 10.1053/j.seminoncol.2014.08.004

34. Brinkmann, U, and Kontermann, RE. The making of bispecific antibodies. mAbs. (2017) 9:182–212. doi: 10.1080/19420862.2016.1268307

35. Guo, G, Han, J, Wang, Y, and Li, Y. A potential downstream platform approach for WuXiBody-based IgG-like bispecific antibodies. Protein Expr Purif. (2020) 173:105647. doi: 10.1016/j.pep.2020.105647

36. Kühl, L, Aschmoneit, N, Kontermann, RE, and Seifert, O. The eIg technology to generate Ig-like bispecific antibodies. MAbs. (2022) 14:2063043. doi: 10.1080/19420862.2022.2063043

37. Zhao, C, Zhang, W, Gong, G, Xie, L, Wang, M-W, and Hu, Y. A new approach to produce IgG4-like bispecific antibodies. Sci Rep. (2021) 11:18630. doi: 10.1038/s41598–021-97393–2

38. Hoseini, SS, Guo, H, Wu, Z, Hatano, MN, and Cheung, N-KV. A potent tetravalent T-cell-engaging bispecific antibody against CD33 in acute myeloid leukemia. Blood Adv. (2018) 2:1250–8. doi: 10.1182/bloodadvances.2017014373

39. Lejeune, M, Köse, MC, Duray, E, Einsele, H, Beguin, Y, and Caers, J. Bispecific, T-cell-recruiting antibodies in B-cell Malignancies. Front Immunol. (2020) 11:762. doi: 10.3389/fimmu.2020.00762

40. Usmani, SZ, Garfall, AL, van de Donk, NWCJ, Nahi, H, San-Miguel, JF, Oriol, A, et al. Teclistamab, a B-cell maturation antigen × CD3 bispecific antibody, in patients with relapsed or refractory multiple myeloma (MajesTEC-1): A multicenter, open-label, single-arm, phase 1 study. Lancet. (2021) 398:665–74. doi: 10.1016/S0140–6736(21)01338–6




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Wang, Jiang, Yin, Liang, Li, Ding, Yang, Zhang, Liu and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        PHE1-based IgG-like antibody platform provides a novel strategy for enhanced T-cell immunotherapy

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Design of antibodies

          



          		

            Purification of antibodies

          



          		

            Antigen binding

          



          		

            Cytotoxicity assays and T-cell activation

          



          		

            Xenogenic tumor model

          



        



        



        		

          Results

        

          		

            PHE-Ig technology can be effectively applied to synthesize PHE1-based bsAbs

          



          		

            Functional characterization of BCMA×CD3 PHE1-based bsAb

          



          		

            PHE-S-Ig technology is able to form functional BCMA×CD3 bsAb

          



          		

            The BCMA×CD3 and BCMA×CD3-S showed anti-MM efficacy in NCI-H929-mediated MM model

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1415834-g002.jpg
cD3 BCMA - IgG isotype control
5 -= anti-CD3
Es - anti-BCMA
=4 2 4 2 —~ BCMAxCD3
23 3
52 2
g1 1
E=-1
=0 6 4 2 0 2 1 6 4 2 0 2
’ “log [ug/ml] i ™ log fug/mi] m= IgG isotype control
BCMAxCD3 == anti-CD3
== anti-BCMA
T cells D == BCMAXCD3
IgG isotype control anti-BCMA BCMAxCD3
150 ok
ns

200K

150K
§ 100K
50K

0
0 104105106107 0 0
human IgG Fc-APC

NCI-H929 F
anti-CD3 anti-BCMA BCMAXCD3 150
1.5M 1.5M 1.5M
! : 1.0M : 1.0M 1.0M 100
(=2
5 = o
& s0ok{ 500K & 500K % 50
0 * 0 0 0 0
0 104105108107 0 104105108107 0 104109108107 0 104105108107
human IgG Fc-APC
H I J
E:T=10:1 Wiy THF
‘ cD3 P — e
— == @ ok ki
kk — 8000 — 5000 M o
3 30 —
6000 4000
Teells R4 BCMAXCD3 2 _
N _
v g 2 E 4000 E 3000
BCMA I = £ 2000
10 2000
1000
0 0 0
NCI-H929
L
lgG isotype control anti-CD3 anti-BCMA BCMAxCD3 —ns__
400K 50 o
300K 34
=30
© 200K .
a § 20
100K =2
f 0

CD25-PE





OEBPS/Images/fimmu-15-1415834-g004.jpg
Day 5

40000
30000
20000

10000

Mean ROI (Photons/s/cm*2/sr)

Survival Probability
& P

o
o
o

19G isotype control

0 5
Time (days)

10 20
Time (days)

30

12

BCMAx CD3

s
[=3
[=3
=3
S

30000

20000

kk

10000

Mean ROI (Photons/s/cm*2/sr)

—L_ Ig Gisotype control
—1— BCMAXxCD3
—1 BCMAXxCD3-S

40

BCMA x CD3-S

5
Time (days)

10

4.0

Radiance
(p/seclcm?/sr)

-e- |g G isotype control
-=- BCMAxCD3
-+ BCMAxCD3-S

15





OEBPS/Images/fimmu-15-1415834-g003.jpg
A B _ BOMAxCD3S  C BCMAXCD3-S
M R NR

w
100 3
235 ~
G 75
Shonen 100 = -
- :
50 — E50
D146 2 - 5
R41S
0
10 | 0 5 10 15
time[min]
NCI-H929
D E BCMAXCD3 BCMAXCD3-S
cob3 BCMA ~ BCMAXCD3
=5 4 - BCMAXCD3-S
o4 3
23
5 2
22
$1 1
E=1
<0 0 0
€ 4 2 0 26 4 2 o 10%10%10% 10 o 10%10° 10° 10
og [Hg/mi] 9 [kg ] human IgG Fc-APC
F G H
150 BCMAXCD3 T.cells BCMAXCD3-S =1 BCMAXCDS
= BCMAXCD3-S
ns ns
100 !
54 )
Ed 3
b} o
ES -
50 =50
0 0 104 10° 10107
human IgG Fc-APC
1 J E:T=10:1 K IFN-y L LA
" 8000 3000
40 -
A\ I
- 30 6000
- . 2000
= -
73 £ -
3 £ E
22 5 4000 £
1000
10 2000
NCI-H929
0 0
M BCMAXCD3 BCMAXCD3-S N
600K 600K
40
2
400K 400K 82
& 2
o™~
@ 200K 200K S
=10
0 0 0
o 10% 10° 10510 0 104 105 108107

CD25-PE





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2024.1415834_cover.jpg
& frontiers | Frontiers in Immunology

PHE1-based IgG-like antibody platform
provides a novel strategy for enhanced T-
cell immunotherapy





OEBPS/Images/fimmu-15-1415834-g001.jpg
A B

et L= vH-a H cnt H cH2
Lc2 L—{ VL-b
Lo ]
D

Chain A, PHE-1 " Hc2 L
Chain B, PHE-1 Bl

CD3xCD19 CD3xEGFR CD3xBCMA
M R NNR M R NR M R NR

CD3xCD19 CD3xEGFR CD3xBCMA

200 > 100 © 100 -
235 — i & b 8
— ~ ~ ~
-— - - - 150 75 75
100 o po— — z
— —_— p— 100 50 50
50— - — — -
50 25 25
— — -
— PR e— —
- - — 0 0 0
- - p— 0 5 10 15 0 5 10 15 0 5 10 15
10 - - - time[min] time[min] time[min]
E F
cD3 cD19 cD3 EGFR
anti-CD3 anti-cD19 5 20 anti-CD3 anti-EGFR g4 e
e kk —
= — 1 £
E4 1.5 =g
(=3 o V.
92 2
=3 =
LC1 L2 g 1.0 LC L2 5o,
82 e
21 05 204
HC1 HC2 < HCA HC2 <
0 0 0
AN Q
N &P
QQQ\ r\;\S"Q 00\ rs_;\sJQ
& &
G H
cD3 BCMA
anti-CD3 anti-BCMA 4o = 4 —— Antibody Name Expression (mglL)
15 s 3 CD3xCD19 1512
o
2 CD3xEGFR 152.5
=
S 2 g2 2 CD3xBCMA 1215
S
§ 1 1
HC1 HC2
0 0
N AN
SR\ S\
& & & $





