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Abstract

:

Acute T-lymphoblastic leukemia (T-ALL) is a type of leukemia that can occur in both pediatric and adult populations. Compared to acute B-cell lymphoblastic leukemia (B-ALL), patients with T-cell T-ALL have a poorer therapeutic efficacy. In this study, a novel anti-CD7 antibody–drug conjugate (ADC, J87-Dxd) was successfully generated and used for T-ALL treatment. Firstly, to obtain anti-CD7 mAbs, we expressed and purified the CD7 protein extracellular domain. Utilizing hybridoma technology, we obtained three anti-CD7 mAbs (J87, G73 and A15) with a high affinity for CD7. Both the results of immunofluorescence and Biacore assay indicated that J87 (KD = 1.54 × 10−10 M) had the highest affinity among the three anti-CD7 mAbs. In addition, an internalization assay showed the internalization level of J87 to be higher than that of the other two mAbs. Next, we successfully generated the anti-CD7 ADC (J87-Dxd) by conjugating DXd to J87 via a cleavable maleimide-GGFG peptide linker. J87-Dxd also possessed the ability to recognize and bind CD7. Using J87-Dxd to treat T-ALL cells (Jurkat and CCRF-CEM), we observed that J87-Dxd bound to CD7 was internalized into T-ALL cells. Moreover, J87-Dxd treatment significantly induced the apoptosis of Jurkat and CCRF-CEM cells. The IC50 (half-maximal inhibitory concentration) value of J87-Dxd against CCRF-CEM obtained by CCK-8 assay was 6.3 nM. Finally, to assess the antitumor efficacy of a J87-Dxd in vivo, we established T-ALL mouse models and treated mice with J87-Dxd or J87. The results showed that on day 24 after tumor inoculation, all mice treated with J87 or PBS died, whereas the survival rate of mice treated with J87-Dxd was 80%. H&E staining showed no significant organic changes in the heart, liver, spleen, lungs and kidneys of all mice. In summary, we demonstrated that the novel anti-CD7 ADC (J87-Dxd) had a potent and selective effect against CD7-expressing T-All cells both in vitro and in vivo, and could thus be expected to be further developed as a new drug for the treatment of T-ALL or other CD7-expression tumors.
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1. Introduction


ALL is a hematological malignancy characterized by uncontrolled proliferation of abnormal, immature lymphocytes and their progenitors which ultimately leads to the replacement of bone marrow elements and other lymphoid organs. ALL is seen in patients with blastic transformation of B and T cells; it is the most common leukemia in the pediatric population, accounting for up to 80% of cases in this group vs. 20% of cases in adults. However, adults with ALL fare worse than their pediatric counterparts, with an overall 5-year survival rate of 40% in newly diagnosed patients, and only 10% for those with relapsed disease [1]. ALL comprises B- or T-lymphoblastic leukemia (B-ALL or T-ALL) and can be divided into three principal categories: B-lymphoblastic leukemia not otherwise specified, B-lymphoblastic leukemia with recurrent cytogenetic alterations and T-lymphoblastic leukemia [2]. B-ALL is the most common form of ALL, comprising >20 subtypes of variable prevalence according to age. By contrast, T-ALL is an uncommon form, accounting for only approximately one-fourth of ALL cases [3]. In recent decades, B-ALL treatments have improved dramatically, but success has been more limited in T-ALL. In particular, relapsed and refractory T-ALL cases remain extremely challenging to treat and those who cannot tolerate intensive treatment continue to have poor outcomes [4]. Although various therapeutic modalities, including chemotherapy, CAR-T therapy and bone marrow transplantation are applied to T-ALL, most of them have serious adverse effects or restrictions of use [5,6]. Therefore, it is still essential to develop new treatment options for T-ALL.



ADCs, in which a mAb is conjugated to biologically active drugs through chemical linkers, have emerged as a promising class of anticancer treatment agents, being one of the fastest growing fields in cancer therapy [7]. As of June 2023, thirteen ADCs have been approved by the Food and Drug Administration (FDA, Silver Spring, MD, USA) and are on the market. These drugs have been added to the therapeutic armamentarium of acute myeloblastic and lymphoblastic leukemias, various types of lymphoma, breast, gastric or gastroesophageal junction, as well as lung, urothelial, cervical, and ovarian cancers [8]. They have proven to deliver more potent and effective antitumor activities than standard practice in a wide variety of indications [9]. Besponsa® (inotuzumab ozogamicin), which was approved by FDA in 2017, is generated by conjugating a humanized anti-CD22 monoclonal antibody to the cytotoxic antibiotic agent calicheamicin via a hydrazone [10]. CD22, a type I transmembrane glycoprotein, is ubiquitously expressed in the B-cell lineage. After administration of Besponsa®, the anti-CD22 monoclonal antibody binds to CD22 on B cells in B-ALL and is internalized into the cell, where the hydrazone linker undergoes hydrolysis to release calicheamicin, which causes DNA damage and cell death [11,12]. CD7, similar to CD22, is also a type I transmembrane glycoprotein and a member of the immunoglobulin superfamily. Normally, CD7 is expressed on human T and natural killer cells and on cells in the early stages of T-, B-, and myeloid cell differentiation, acting as a T-cell-associated antigen. Previous studies have demonstrated that CD7 is also expressed in over 95% of T-ALL, 30% of acute myeloid leukemia (AML), and some lymphomas [13,14,15,16]. Due to its widespread distribution on the tumors, CD7 is considered an attractive target antigen for immunotherapy of T-ALL.



As is well known, ADCs are complex targeted agents composed of three main components: a monoclonal antibody (mAb), a cytotoxic drug and a linker. By providing a selective targeting mechanism for cytotoxic drugs, ADCs improve the therapeutic index in clinical practice [17]. Here, we generated a novel anti-CD7 ADC (J87-Dxd) with an anti-CD7 mAb (J87), a topoisomerase I inhibitor (Deruxtecan, DXd) and a cleavable maleimide-GGFG peptide linker. Moreover, we demonstrated its potent antitumor activity against CD7-expressing T-ALL cells both in vitro and in vivo. With further development, this anti-CD7 ADC could be an effective drug for the treatment of T-ALL.




2. Materials and Methods


2.1. Mice


Seven-week-old immunodeficient NCG female mice were purchased from GemPharmatech LLC (Nanjing, China). Mice were maintained under specific pathogen-free conditions, and all procedures met the requirements of the National Institutes of Health and Institutional Animal Care and Use Committee. The animal experiments were approved by the West China Hospital of Sichuan University Biomedical Ethics Committee (ethical approval document: 20230426002).




2.2. Cell Lines and Culture Conditions


All tumor cell lines used in this study were originally purchased from the American Type Culture Collection (ATCC). CCRF-CEM-luciferase and Hela-CD7-GFP cell lines were produced by transducing lentiviral vectors that encoded the luciferase reporter gene or fusion gene CD7-GFP into the original cell lines. All cells were cultured in Dulbecco’s modified Eagle’s medium or RPMI-1640 (Gibco, Billings, MT, USA), supplemented with 10% fetal bovine serum, 2 mM l-glutamine (Invitrogen, Waltham, MA, USA) and 1 mM penicillin streptomycin combination (HyClone, Logan, UT, USA).




2.3. Expression and Purification of Recombinant Proteins


The gene sequence encoding human truncated CD7 (extracellular domain of CD7) was synthesized by GENERAL BIOL (Chuzhou, China), and was sub-cloned into a pVAX1-based expression vector with 6× His tag fusion or mFc at the C-terminus. Transient expression in the HEK293T cell line was performed by using expression vectors with the help of PEI. The cells were subsequently cultured in FreeStyle™ 293 Expression Medium (Thermo Fisher Scientific, Waltham, MA, USA) for 4~5 days. Then, the culture supernatants were harvested and centrifuged for 30 min at 10,000× g, 4 °C, followed by filtration through a 0.45 µm membrane. The recombinant proteins were initially purified by Ni-NTA column chromatography, and the recombinant proteins were analyzed through SDS-PAGE. Finally, the recombinant proteins were stored at −80 °C.




2.4. Generation of Monoclonal Antibody


Seven-week-old female BALB/c mice were immunized with the purified CD7 recombinant protein. Hybridomas were produced by fusion of spleen cells with SP2/0 cells. Hybridomas were screened using an ELISA, immunofluorescence, and flow cytometry. The mFc domain of the mouse anti-CD7 mAbs were replaced with the hFc domain derived from human IgG1 using genetic engineering. The recombinant mAbs were expressed and purified as described above. The purified mAbs were analyzed through reduced- or non-reduced SDS PAGE. The binding affinity of mAbs to CD7 recombinant protein was measured using Biacore ×100 instrument with a CM5 sensor chip (GE Healthcare, Chicago, IL, USA), according to a previously published procedure [18]. CD7-mFc was immobilized on CM5 using amine coupling (Amine coupling kit, GE Healthcare). The anti-CD7 mAbs were injected across the chip in a 2-fold dilution series. The equilibrium dissociation constant was obtained by using BIA evaluation 2.0 software. Next, the anti-CD7 mAbs were used as primary antibody to incubate CCRF-CEM cells for 0 h, 1 h, 2 h, 4 h and 6 h, respectively. The CCRF-CEM cells were then stained with FITC-conjugated second antibody, and the flow cytometric assay was performed to assess the levels of internalization.




2.5. Preparation of CD7-Dxd ADCs


Deruxtecan, a compound consisting of a DX-8951 (Dxd) derivative and a linker maleimide-GGFG peptide, was obtained from MedChemExpress (New Jersey, NJ, USA). The conjunction of an anti-CD7 mAb antibody to Deruxtecan was achieved by sulfhydryl coupling according to the manual. The anti-CD7 mAb (J87) concentration was quantified using the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), and the concentration was adjusted to 5 mg/mL. Then, 10 mg of antibody was added into 114.66 μL of TCEP-HCl solution and kept at 37 °C for 3 h. Subsequently, 41.36 μL of Deruxtecan solution and 193.6 μL of DMSO were added and centrifuged at 40 rpm for 3 h at room temperature. The upper layer was desalted with ADC Preservation Buffer, filtered through a 0.22 μm cartridge, and the protein concentration was determined using a NanoDrop 2000 and stored at −80 °C.




2.6. Cell Apoptosis Assay


Cells were plated at 2 × 105 cells/well and treated with 20 nM of J87-Dxd for 48 h at 37 °C. Following the treatment, cells were adjusted to 1 × 105 cells per staining reaction. Cells was incubated in 100 μL of buffer containing 5 μL of FITC Annexin-V (Meiluncell®, Dalian, China) and 5 μL of 7-AAD (Meiluncell®) for 15 min. Finally, cells were resuspended in 400 μL of binding buffer and processed to flow cytometric analysis without washing using a BD Fortessa flow cytometer and analyzed using FlowJo 10.6.0 software.




2.7. Viability Assays


Cell viability was measured using the CCK-8 assay (BioLegend, San Diego, CA, USA). Cells were cultured at 5 × 103 cells/well in 100 μL of growth medium in 96-well plates and incubated with J87-Dxd for 72 h. For viability assay, 10 μL of CCK-8 reagent was added to each well and mixed by gentle shaking. The plate was incubated at 37 °C for 2 h, and the absorbance was detected with a microplate reader at 450 nm. A previously generated anti-SLC3A2 ADC was used as the control ADC. The control ADC could bind to CCRF-CEM but not to Raji.




2.8. In Vivo Antitumor Analysis


A total of 15 NCG immunodeficient female mice aged 7 weeks and weighing approximately 20 g were used for the study. A total of 3 × 106 CCRF-CEM-luciferase cells were implanted in mice with caudal vein injection. Nine days later, the mice were divided into three groups and treated with PBS, J87 or J87-Dxd (6 mg/kg), respectively. To monitor tumor growth, the In Vivo Imaging System (IVIS) (Caliper Life Sciences, Hopkinton, MA, USA) was used to record mice bioluminescence imaging. Bioluminescence was activated 10 min after intraperitoneal injection with 150 mg/kg d-luciferin (Beyotime, Shanghai, China). Living Image software® 4.5.5 (PerkinElmer, Waltham, MA, USA) was used to analyze the data. During this period, the body weights of the mice were measured and recorded every 3 days. After the death of mice, the major organs (heart, liver, spleen, lung and kidney) were embedded for H&E staining.




2.9. Statistical Analysis


The data were visualized on graphs and presented as mean ± standard deviation (SD). The data were analyzed using GraphPad Prism software v.8.0. For Kaplan–Meier overall survival analysis, a log-rank test was used to compare each of the arms. Statistically significant differences were evaluated by Student’s t-test comparing two experimental groups. * p < 0.05 was considered to indicate a significant difference.





3. Results


3.1. Generation and Characterization of mAbs against CD7


The new anti-CD7 mAbs with high affinity were prepared by the traditional hybridoma technique. First, the extracellular domain of CD7 and CD7-mFc were successfully expressed and purified from HEK293T. The SDS-PAGE analysis of the purified protein showed that the bands located at approximately 27 kDa (CD7) and 60 KDa (CD7-mFc), which is consistent with the expected (Figure 1A). Next, the CD7 protein was used to immunize BALB/c mice to prepare the anti-CD7 mAbs. Using hybridoma technology and genetic engineering, we successfully isolated three highly potent clones that produced anti-CD7 mAbs with hFc (A15, G73 and J87). As shown in Figure 1B, reduced samples of the anti-CD7 mAbs yield heavy chains of approximately 50 kDa and light chains of approximately 25 kDa on SDS-PAGE. When analyzed with non-reduced SDS PAGE, the mAbs yield a single bond with a size of approximately 150 kDa. Subsequent immunofluorescence assay with the three mAbs as the primary antibody indicated that the mAbs were able to efficiently recognize and bind the CD7 protein on CD7-ovrexpressing Hela cells (Figure 1C). Finally, the values of the affinity constants (kd, ka, and KD) were determined by Biocore assay. The results showed that the three anti-CD7 mAbs exhibited high affinity for CD7 (KD = 10−10 M), with J87 showing the highest affinity (KD = 1.54 × 10−10 M) (Figure 1D and Table 1).




3.2. Internalization Assay of Anti-CD7 mAbs


After antigen binding, the internalization of the ADC-antigen complex is thought to be a crucial step in payload delivery for many ADCs. Thus, we assessed the level of the three anti-CD7 mAbs internalization in this part. Flow cytometric analysis with a PE anti-human CD7 antibody (BioLegend) showed that CD7 was highly expressed on the cell surface of T-ALL cell lines CCRF-CEM and Jurkat but not on the Burkitt lymphoma cell line Raji (Figure 2A). As expected, CCRF-CEM cells were also successfully stained by J87, G73 and A15 (Figure 2B). In order to assess the internalization levels of the mAbs, J87, G73 and A15 were used as primary antibodies, respectively, to incubate CCRF-CEM cells for the indicated lengths of time (Figure 2C). The treated CCRF-CEM cells were then stained with a FITC anti-human IgG Fc secondary antibody (BioLegend), and flow cytometric was performed to assess the levels of internalization. The result indicated that J87, G73 and A15 were progressively internalized in CCRF-CEM cells with the prolongation of mAbs incubation time, and the internalization level of J87 was higher than that of the other two mAbs.




3.3. Generation and Cytotoxicity Assessment of J87-Dxd


To generate J87-Dxd, J87 was treated with TCEP to reduce interchain disulfide bonds to expose the sulfhydryl group, and then Deruxtecan was added to react with the sulfhydryl group, and finally coupled and bound to form J87-Dxd (Figure 3A). CCRF-CEM cells were incubated with J87-Dxd, followed by staining with a FITC anti-human IgG Fc secondary antibody. Like J87, J87-Dxd specifically bonds to CD7 molecules on the surface of CCRF cells (Figure 3B). Flow cytometric analysis showed that J87-Dxd-treated cells had reduced levels of cell-surface CD7 molecule expression (Figure 3C). After 48 h of treatment with J87-Dxd, approximately 60% of Jurkat cells and approximately 80% of CCRF-CEM cells underwent apoptosis (Figure 3D,E).




3.4. In Vivo Antitumor Efficacy of J87-Dxd in T-ALL Models


To build T-ALL models, we purchased 7-week-old female NCG-immunodeficient mice and inoculated them with CCRF-CEM cells stably expressing luciferase. Six days after tumor inoculation, 15 mice were randomly divided into three groups and each group contained 5 mice. On day 9, the three groups were treated with a single intraperitoneal injection of PBS, J87 and J87-Dxd respectively. Tumor burden was monitored by the in vivo imaging system every 3 days (Figure 4A). As shown in Figure 4B, mice in the PBS or J87 group showed rapid progression of T-ALL, with four of five mice (PBS group) dying and two of five mice (J87 group) dying on day 21 after tumor inoculation. All of the mice in both the PBS and J87 groups died on day 24. By contrast, T-ALL progression was significantly inhibited in mice treated with J87-Dxd, and only one mouse in the group died 24 days after tumor inoculation (Figure 4B). In addition, weight loss began on day 12 in the PBS and J87 groups, but on day 17 in the J87-Dxd group (Figure 4C). This led to a significant survival advantage in the J87-Dxd group compared with mice in the other two groups (Figure 4D). H&E staining (40×) of the major organs in the mice was performed for the evaluation of the safety of J87-Dxd. As shown in Figure 4E, there were no significant organic changes in the heart, liver, spleen, lungs and kidneys of mice in each group.





4. Discussion


T-ALL is a disease derived from the uncontrolled proliferation of mature or immature T cells, with high rates of disease relapse and a poor prognosis [19]. Current treatments with intensive chemotherapy protocols and allogeneic bone marrow transplantation have shown a cure rate of 75% in pediatric patients and 50% in adults with T-ALL [20,21]. However, after induction and consolidation chemotherapy, approximately 30% of adult patients have minimal residual disease, which is likely the most important risk factor for relapse in T-ALL. Furthermore, T-ALL is incurable for the majority of relapsed patients, with the overall survival rate being less than 10% [22]. Allogeneic bone marrow transplantation presents significant limitations, such as limited availability, higher cost, and graft versus host disease. In addition, the outcome of the consolidation treatment is patient-dependent [23,24]. Therefore, developing alternative methods to address these challenges for treatment seems crucial.



Anticancer immunotherapies have emerged as new therapeutic pillars within cancer treatment, among which ADCs are a promising class of immunotherapies with the potential to specifically target tumor cells and ameliorate the therapeutic index of cytotoxic drugs. CD7 is a type I transmembrane glycoprotein with a MW of 40-kD, whose expression level has been found to be significantly upregulated in T-ALL cells compared to normal CD7-positive T cells. Thus, CD7 is considered as an attractive target for T-ALL immunotherapy [13,25]. In recent decades, studies have focused on using anti-CD7 CAR T cells or anti-CD7 antibodies to treat T-ALL [26,27,28,29,30]. However, since CD7 is also extensively expressed in normal T cells and natural killer cells, extending the success of CAR-T therapy to T cell malignancies faces challenges such as CAR-T cell fratricide, high production cost, long lagging time and potential product contaminations [30]. In addition, anti-CD7 mAbs alone showed weak inhibition of tumor growth [25,26].



Dxd, a potent DNA topoisomerase I inhibitor, has been used to generate an anti-HEAR2 ADC (Trastuzumab deruxtecan, T-Dxd). On 5 August 2022, T-Dxd was approved by the U.S. Food and Drug Administration for the treatment of HEAR2-positive metastatic breast cancer. In this study, a novel anti-CD7 ADC (J87-Dxd) was successfully generated by conjugating Dxd to J87 via a cleavable maleimide-GGFG peptide linker. Our data demonstrated that J87-Dxd had a potent and selective effect against T-ALL cells both in vitro and in vivo. Utilizing hybridoma technology, we obtained three novel anti-CD7 mAbs (J87, G73 and A15) with a high affinity for CD7. Among the three mAbs, J87 was selected and used for conjugating to Dxd because of its high affinity (KD = 1.54 × 10−10 M) for CD7 and high level of internalization. Moreover, CCRF-CEM cells could be successfully stained with J87-Dxd, indicating that J87-Dxd kept the ability of recognizing and binding CD7 on the cell surface. Flow analysis showed that J87-Dxd treatment decreased the expression level of CD7 proteins on the surface of Jurkat and CCRF-CEM cells. The phenomenon demonstrated that J87-Dxd could be internalized into Jurkat and CCRF-CEM cells. Meanwhile, J87-Dxd also triggered apoptosis in Jurkat (~60%) and CCRF-CEM cells (~80%) at a concentration of 20 nM. After 48 h of treatment, the IC50 values of J87-Dxd in CCRF-CEM and Raji cells were 6.372 nM and 338.5 nM, respectively (Figure S1). This result can be explained by the fact that J87-Dxd was able to bind to CCRF-CEM cells but not to Raji cells. Next, J87 or J87-Dxd was administered to CCRF-CEM mouse models by intraperitoneal injection. The results showed that on day 24 after tumor inoculation, all mice treated with J87 died, whereas the survival rate of mice treated with J87-Dxd was 80%. Thus, in the in vivo study, J87-Dxd treatment significantly inhibited the growth of T-ALL compared with J87 or PBS treatment. Subsequently, H&E staining also showed no significant organic changes in the heart, liver, spleen, lungs and kidneys of the J87- or J87-Dxd-treated mice. Although our data showed that J87-Dxd could efficiently and specifically kill CD7-expressing tumor cells in vitro and in vivo, there were still limitations of our study. First, only three cell lines (Jurkat, CCRF-CEM and Raji) were used to assess the specific antitumor activity of J87-Dxd. J87-Dxd should also be assayed for killing activity against other cells, such as tumor cells (MOLT-4 and RPMI-8226) and normal cells (T and NK). Second, although tumor growth was significantly inhibited compared with PBS or J87 injection, all mice injected with J87-Dxd still died 30 days after inoculation with CCRF-CEM cells. Thus, the administered dose of J87-Dxd still needs to be further optimized. To exclude the possibility that these antitumor effects were generated by free Dxd, we also performed an experiment to compare the survival time of CCRF-CEM mice treated with Dxd alone with PBS vehicle control. As a result, no significant difference was observed between the Dxd- and PBS-treated mice (Figure S3). Third, using the HIC method, we observed that J87-Dxd had a low DAR value (approximately 1), which likely reduced its antitumor effect (Figure S2). Fourth, NCG mice used here are triple immunodeficient and lack functional/mature T, B and NK cells. To closely mimic the human immune system, NCG mice should be humanized by engrafting human PBMCs or CD34 stem cells.



Here, we could produce the anti-CD7 mAbs by a eukaryotic expression system, and the mAbs were used to conjugate a cytotoxic agent (Dxd). While the J87-Dxd significantly inhibited and killed T-ALL cells in vitro or in vivo, the antitumor effects still need to be improved further. Using the anti-CD7 mAbs to conjugate other cytotoxic agents may show a more potent antitumor activity against CD7-expressing tumors. Overall, we demonstrated that the novel anti-CD7 ADC (J87-Dxd) could efficiently and specifically kill T-ALL cells in vitro and in vivo. Here, although we only emphasized the antitumor activity of J87-Dxd against T-ALL cells, it is likely that J87-Dxd remains effective against other CD7-positive tumor cells. Therefore, we identified that CD7 can serve as a target of ADC for T-ALL treatment and that J87-Dxd has potential to be further developed as a new drug for the treatment of T-ALL or other CD7-expressing tumors.








Supplementary Materials
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Author Contributions


Conceptualization, A.T. and W.G.; methodology, S.W.; software, S.W.; validation, S.W., R.Z. and K.Z.; formal analysis, R.Z.; investigation, S.W.; resources, A.T.; data curation, R.Z.; writing—original draft preparation, S.W.; writing—review and editing, R.Z.; visualization, R.Z.; supervision, W.G.; project administration, A.T.; funding acquisition, A.T. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by funding from the National Natural Science Foundation of China (82073404), 1·3·5 Project for Disciplines of Excellence, West China Hospital, Sichuan University (No. ZYJC21003), the Frontiers Medical Center, Tianfu Jincheng Laboratory Foundation (TFJC2023010006), the Major Scientific and Technological Achievements Transformation Project, Ningxia Hui Autonomous Region (2022CJE09013) and the Post-Doctor Research Project, West China Hospital, Sichuan University (No. 2023HXBH099).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Review Board (or Ethics Committee) of the West China Hospital of Sichuan University Biomedical Ethics Committee (ethical approval document: 20230426002).




Informed Consent Statement


Not applicable.




Data Availability Statement


The original data can be requested to authors.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Pehlivan, K.C.; Duncan, B.B.; Lee, D.W. CAR-T Cell Therapy for Acute Lymphoblastic Leukemia: Transforming the Treatment of Relapsed and Refractory Disease. Curr. Hematol. Malig. Rep. 2018, 13, 396–406. [Google Scholar]

	



Chiaretti, S.; Zini, G.; Bassan, R. Diagnosis and subclassification of acute lymphoblastic leukemia. Mediterr. J. Hematol. Infect. Dis. 2014, 6, e2014073. [Google Scholar] [CrossRef]

	



Shiraz, P.; Jehangir, W.; Agrawal, V. T-Cell Acute Lymphoblastic Leukemia-Current Concepts in Molecular Biology and Management. Biomedicines 2021, 9, 1621. [Google Scholar]

	



Pocock, R.; Farah, N.; Richardson, S.E.; Mansour, M.R. Current and emerging therapeutic approaches for T-cell acute lymphoblastic leukaemia. Br. J. Haematol. 2021, 194, 28–43. [Google Scholar] [CrossRef] [PubMed]

	



Berry, D.A.; Zhou, S.H.; Higley, H.; Mukundan, L.; Fu, S.S.; Reaman, G.H.; Wood, B.L.; Kelloff, G.J.; Jessup, J.M.; Radich, J.P. Association of Minimal Residual Disease with Clinical Outcome in Pediatric and Adult Acute Lymphoblastic Leukemia AMeta-analysis. JAMA Oncol. 2017, 3, e170580. [Google Scholar] [CrossRef] [PubMed]

	



Frey, N.V. Relapsed ALL: CAR T vs transplant vs novel therapies. Hematol.-Am. Soc. Hematol. 2021, 2021, 1–6. [Google Scholar] [CrossRef]

	



Marei, H.E.; Cenciarelli, C.; Hasan, A. Potential of antibody-drug conjugates (ADCs) for cancer therapy. Cancer Cell Int. 2022, 22, 255. [Google Scholar] [PubMed]

	



Kesireddy, M.; Kothapalli, S.R.; Gundepalli, S.G.; Asif, S. A Review of the Current FDA-Approved Antibody-Drug Conjugates: Landmark Clinical Trials and Indications. Pharm. Med. 2023; ahead of print. [Google Scholar]

	



Gogia, P.; Ashraf, H.; Bhasin, S.; Xu, Y. Antibody-Drug Conjugates: A Review of Approved Drugs and Their Clinical Level of Evidence. Cancers 2023, 15, 3886. [Google Scholar]

	



Fu, Z.; Li, S.; Han, S.; Shi, C.; Zhang, Y. Antibody drug conjugate: The “biological missile” for targeted cancer therapy. Signal Transduct. Target. Ther. 2022, 7, 93. [Google Scholar]

	



Shah, N.N.; Sokol, L. Targeting CD22 for the Treatment of B-Cell Malignancies. ImmunoTargets Ther. 2021, 10, 225–236. [Google Scholar] [CrossRef]

	



Li, L.; Wang, Y. Recent updates for antibody therapy for acute lymphoblastic leukemia. Exp. Hematol. Oncol. 2020, 9, 33. [Google Scholar] [CrossRef]

	



Gomes-Silva, D.; Srinivasan, M.; Sharma, S.; Lee, C.M.; Wagner, D.L.; Davis, T.H.; Rouce, R.H.; Bao, G.; Brenner, M.K.; Mamonkin, M. CD7-edited T cells expressing a CD7-specific CAR for the therapy of T-cell malignancies. Blood 2017, 130, 285–296. [Google Scholar] [CrossRef] [PubMed]

	



Chang, H.; Salma, F.; Yi, Q.L.; Patterson, B.; Brien, B.; Minden, M.D. Prognostic relevance of immunophenotyping in 379 patients with acute myeloid leukemia. Leuk. Res. 2004, 28, 43–48. [Google Scholar] [CrossRef]

	



Haubner, S.; Perna, F.; Köhnke, T.; Schmidt, C.; Berman, S.; Augsberger, C.; Schnorfeil, F.M.; Krupka, C.; Lichtenegger, F.S.; Liu, X.; et al. Coexpression profile of leukemic stem cell markers for combinatorial targeted therapy in AML. Leukemia 2019, 33, 64–74. [Google Scholar] [CrossRef] [PubMed]

	



Wei, W.; Yang, D.; Chen, X.; Liang, D.; Zou, L.; Zhao, X. Chimeric antigen receptor T-cell therapy for T-ALL and AML. Front. Oncol. 2022, 12, 967754. [Google Scholar] [CrossRef] [PubMed]

	



Ponziani, S.; Di Vittorio, G.; Pitari, G.; Cimini, A.M.; Ardini, M.; Gentile, R.; Iacobelli, S.; Sala, G.; Capone, E.; Flavell, D.J.; et al. Antibody-Drug Conjugates: The New Frontier of Chemotherapy. Int. J. Mol. Sci. 2020, 21, 5510. [Google Scholar] [CrossRef]

	



Pope, M.E.; Soste, M.V.; Eyford, B.A.; Anderson, N.L.; Pearson, T.W. Anti-peptide antibody screening: Selection of high affinity monoclonal reagents by a refined surface plasmon resonance technique. J. Immunol. Methods 2009, 341, 86–96. [Google Scholar] [CrossRef]

	



Vadillo, E.; Dorantes-Acosta, E.; Pelayo, R.; Schnoor, M. T cell acute lymphoblastic leukemia (T-ALL): New insights into the cellular origins and infiltration mechanisms common and unique among hematologic malignancies. Blood Rev. 2018, 32, 36–51. [Google Scholar] [CrossRef]

	



Ren, A.; Tong, X.; Xu, N.; Zhang, T.; Zhou, F.; Zhu, H. CAR T-Cell Immunotherapy Treating T-ALL: Challenges and Opportunities. Vaccines 2023, 11, 165. [Google Scholar] [CrossRef]

	



Zhao, W.L. Targeted therapy in T-cell malignancies: Dysregulation of the cellular signaling pathways. Leukemia 2010, 24, 13–21. [Google Scholar] [CrossRef]

	



Marks, D.I.; Paietta, E.M.; Moorman, A.V.; Richards, S.M.; Buck, G.; DeWald, G.; Ferrando, A.; Fielding, A.K.; Goldstone, A.H.; Ketterling, R.P.; et al. T-cell acute lymphoblastic leukemia in adults: Clinical features, immunophenotype, cytogenetics, and outcome from the large randomized prospective trial (UKALL XII/ECOG 2993). Blood 2009, 114, 5136–5145. [Google Scholar] [CrossRef]

	



Mohty, B.; Mohty, M. Long-term complications and side effects after allogeneic hematopoietic stem cell transplantation: An update. Blood Cancer J. 2011, 1, e16. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Zhu, H.H. Targeted treatment of T-cell acute lymphoblastic leukemia: Latest updates from the 2022 ASH Annual Meeting. Exp. Hematol. Oncol. 2023, 12, 30. [Google Scholar] [CrossRef]

	



Zhang, J.; Jain, A.; Milhas, S.; Williamson, D.J.; Mysliwy, J.; Lodge, A.; Thirlway, J.; Al Nakeeb, M.; Miller, A.; Rabbitts, T.H. An antibody-drug conjugate with intracellular drug release properties showing specific cytotoxicity against CD7-positive cells. Leuk. Res. 2021, 108, 106626. [Google Scholar] [CrossRef] [PubMed]

	



Baum, W.; Steininger, H.; Bair, H.J.; Becker, W.; Hansen-Hagge, T.E.; Kressel, M.; Kremmer, E.; Kalden, J.R.; Gramatzki, M. Therapy with CD7 monoclonal antibody TH-69 is highly effective for xenografted human T-cell ALL. Br. J. Haematol. 1996, 95, 327–338. [Google Scholar] [CrossRef] [PubMed]

	



Peipp, M.; Küpers, H.; Saul, D.; Schlierf, B.; Greil, J.; Zunino, S.J.; Gramatzki, M.; Fey, G.H. A recombinant CD7-specific single-chain immunotoxin is a potent inducer of apoptosis in acute leukemic T cells. Cancer Res. 2002, 62, 2848–2855. [Google Scholar]

	



Tang, J.; Li, J.; Zhu, X.; Yu, Y.; Chen, D.; Yuan, L.; Gu, Z.; Zhang, X.; Qi, L.; Gong, Z.; et al. Novel CD7-specific nanobody-based immunotoxins potently enhanced apoptosis of CD7-positive malignant cells. Oncotarget 2016, 7, 34070–34083. [Google Scholar] [CrossRef]

	



Xie, L.; Gu, R.; Yang, X.; Qiu, S.; Xu, Y.; Mou, J.; Wang, Y.; Xing, H.; Tang, K.; Tian, Z.; et al. Universal Anti-CD7 CAR-T Cells Targeting T-ALL and Functional Analysis of CD7 Antigen on T/CAR-T Cells. Hum. Gene Ther. 2023, 34, 1257–1272. [Google Scholar] [CrossRef]

	



Li, S.; Wang, X.; Liu, L.; Liu, J.; Rao, J.; Yuan, Z.; Gao, L.; Li, Y.; Luo, L.; Li, G.; et al. CD7 targeted “off-the-shelf” CAR-T demonstrates robust in vivo expansion and high efficacy in the treatment of patients with relapsed and refractory T cell malignancies. Leukemia 2023, 37, 2176–2186. [Google Scholar] [CrossRef]








[image: Biomolecules 14 00106 g001] 





Figure 1. Generation and characterization of mAbs against CD7 (A) and (B) SDS−PAGE analysis for purified proteins. FT represents flow through, HC represents heavy chain, LC represents light chain. (C) Representative images of immunofluorescence staining using indicated mAbs as the primary antibodies. Scale bar = 100 μm. (D) The affinity of indicated mAbs binding to CD7 was determined on a Biacore T100 instrument. 
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Figure 2. Internalization assessment of anti–CD7 mAbs. (A) Flow cytometry analysis of the expression levels of CD7 on cell surface of indicated cells. Blue color represents cells stained with PBS and green color represents cells stained with PE anti-human CD7 antibody. (B) Representative images of immunofluorescence staining using indicated mAbs as the primary antibodies and Alexa Fluor® 594 anti-human IgG antibody as second antibodies. Scale bar = 50 μm. (C) Flow cytometry analysis of mAb internalization at indicated time point. The CCRF–CEM cells only stained with a FITC anti–human IgG Fc secondary antibody served as control. 
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Figure 3. Generation and cytotoxicity assessment of J87–Dxd. (A) Schematic diagram of J87–Dxd preparation. (B) Representative images of immunofluorescence staining using J87–Dxd or J87 and a FITC anti–human IgG Fc secondary antibody. Scale bar = 50 μm. (C) Flow cytometry analysis of J87–Dxd internalization at indicated time point. The Jurkat or CCRF–CEM cells only stained with a FITC anti–human IgG Fc secondary antibody served as control. (D) Representative scatter plots of 7–ADD (y–axis) vs. annexin V (x–axis), and the proportion of apoptotic cells are shown in the bar chart (E). Data are presented as the means ± SE of triplicate experiments. *** p < 0.001. 
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Figure 4. Generation and cytotoxicity assessment of J87-Dxd. (A) Treatment scheme used in the CCRF-CEM-luciferase cells. (B) After 6 days of tumor injection, an IVIS imaging system was used to monitor tumor growth every 3 days (5 mice per group). (C) The weights of mice in different groups. (D) Overall survival of mice in each group. * p < 0.05; ** p < 0.001. ns represents no significance. (E) Representative images of H&E staining of the indicated organs of mice in each group. 
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Table 1. Biacore kinetic and affinity determinations on mAbs.
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	mAbs
	Ka (1/Ms)
	Kd (1/s)
	KD (M)





	J87
	1.21 × 106
	1.87 × 10−4
	1.54 × 10−10



	G73
	1.16 × 106
	3.41 × 10−4
	2.94 × 10−10



	A15
	7.9 × 105
	2.5 × 10−4
	3.17 × 10−10
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