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Objective

Antibody-drugs conjugates (ADCs) are novel drugs with highly targeted and tumor-killing abilities and developing rapidly. This study aimed to evaluate drug discovery and clinical trials of and explore the hotspots and frontiers from 2012 to 2022 using bibliometric methods.



Methods

Publications on ADCs were retrieved between 2012 and 2022 from Web of Science (WoS) and analyzed with CiteSpace 6.1.R2 software for the time, region, journals, institutions, etc. Clinical trials were downloaded from clinical trial.org and visualized with Excel software.



Results

A total of 696 publications were obtained and 187 drug trials were retrieved. Since 2012, research on ADCs has increased year by year. Since 2020, ADC-related research has increased dramatically, with the number of relevant annual publications exceeding 100 for the first time. The United States is the most authoritative and superior country and region in the field of ADCs. The University of Texas MD Anderson Cancer Center is the most authoritative institution in this field. Research on ADCs includes two clinical trials and one review, which are the most influential references. Clinical trials of ADCs are currently focused on phase I and phase II. Comprehensive statistics and analysis of the published literature and clinical trials in the field of ADCs, have shown that the most studied drug is brentuximab vedotin (BV), the most popular target is human epidermal growth factor receptor 2 (HER2), and breast cancer may become the main trend and hotspot for ADCs indications in recent years.



Conclusion

Antibody-drug conjugates have become the focus of targeted therapies in the field of oncology. The innovation of technology and combination application strategy will become the main trend and hotspots in the future.
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Introduction

Antibody-drug conjugates (ADCs) have gradually become excellent anti-tumor drugs in recent years. They are formed by a couple of toxic small molecules (payload) with a monoclonal antibody (mAb) through a linker. ADCs deliver highly toxic payloads to specific tumor cells precisely by targeting specific receptors on the surface of tumor cells. This allows the drug concentration of ADCs to be increased only at the tumor site, resulting in an efficient and less toxic antitumor effect. Therefore, ADCs have received much attention from the oncology community in recent years (1). Since 2000, with the breakthrough efficacy of fam-trastuzumab deruxtecan (DS-8201a), ADCs have become a hotspot in the research and development of anti-tumor drugs in the world. Globally, 14 ADCs have been approved by the United States Food and Drug Administration (FDA) for the treatment of various tumor indications, including disitamab vedotin (RC-48) independently developed by RemeGen Co., Ltd. (Table 1) (2). With more and more research institutions and pharmaceutical companies entering this field, the clinical application of ADCs has increased. At present, a few kinds of literature systematically evaluate the published related literature. Bibliometrics allows the quantitative analysis of a wide range of literature in a particular field of study using mathematical and statistical methods, revealing many aspects of the field and research trends (3). CiteSpace is a software, which analyzes the co-occurrences and co-citations of a large number of articles in a particular field. It maps the relevant literature into a knowledge map, thus visualizing the trends and research hotspots in this field (4). The National Institutes of Health and the National Library of Medicine jointly opened and operate ClinicalTrials.gov, which collects more comprehensive clinical trials worldwide (5). Using CiteSpace 6.1.R2 software and Excel software, we visualized the concerning literature and clinical trials of ADCs from the WoS platform and ClinicalTrial.gov, respectively. From the results, we sorted out the development of ADCs in the past decade and visualized their hotspots and directions in the future. For future in-depth research and clinical applications of ADCs, this study provides a reference value.


Table 1 | 14 ADCs on the market.





Method


Data collection and retrieval strategy

The literature data used in this study were downloaded from the core collection of the Web of Science retrieval platform, which is widely accepted in bibliometric analyses. The subject retrieval is carried out in the above database by keywords(TS=(“Antibody-Drug Conjugates*” OR “ADCs*”) AND TS=(“cancer*” OR “neoplasm*” OR “tumor*”)), and the retrieval time range is from January 1, 2012, to March 21, 2022, A total of 2510 references were searched. We included articles and reviews, and the letters, editorial materials, conference presentations, meeting abstracts, book reviews, news, and corrections were eliminated. The field of literature was restricted to oncology. Finally, a total of 696 references were eventually retrieved, including 419 articles and 254 reviews.

Clinical trial data come from the website ClinicalTrials.gov, which is the largest and most authoritative clinical trial registration website in the world. All clinical trials must be registered on this website before further development. In this study, the platform ClinicalTrials.gov was selected to collect and analyze the clinical trial data of natural antitumor drugs. This study was searched on the clinical trial registration website ClinicalTrials.gov as “Antibody-Drug Conjugates”. The research type was limited to intervention (clinical trial), and a total of 187 drug trials were in progress before the project was retrieved.



Data analysis

The 696 documents retrieved in WoS are exported to full records and cited references in plain text format, and then imported into CiteSpace 6.1.R2 software. The parameter settings are adjusted as follows: the period is 2012.01-2022.12, the time slice is 1 year, and the TOP N is set to 50. That is, in the ten years from 2021 to 2022, 50 entries with the highest frequency of occurrence are selected for visualization every year. These documents are visually analyzed for journals, countries, institutions, keywords, and co-cited references, such as cooperative network, clustering, time distribution, salience, etc., and the map is drawn.

We will use Excel to statistically analyze the data of 187 clinical trials related to ADCs collected on the ClinicalTrials.gov platform. Then, we will map from national distribution, drug types, drug targets, cancer classification, clinical stages, etc. to summarize the development trend and research hotspots of ADCs.




Results


Distribution by publication time

The 696 papers included in the WoS platform were statistically mapped according to the time of publication (Figure 1). From Figure 1, it can be seen that the number of publications related to ADCs has been increasing year by year during this decade. From 2020 onwards, the annual number of relevant publications on ADCs exceeds 100 for the first time.




Figure 1 | Annual growth trends and geographical distribution of ADCs. (A) The number of ADCs-related papers (as of the end of March 2022). (B) The co-occurrence map of countries/regions in ADCs research. (C) National map of clinical trials in ADCs research. (D) National ranking of clinical trials in ADCs research (https://www.clinicaltrials.gov/).





Distribution by country and region

Through CiteSpace, we analyzed the cooperation map of countries or regions with N (number of network nodes) =46 and E (number of connections) =179 (Figure 1). According to the analysis, the top 5 countries in the number of documents are the United States, China, Japan, Italy, and the United Kingdom. The top 5 countries in the central ranking are the United States, Britain, Italy, France, and Spain (Table 2). A node’s centrality is related to its role in the knowledge network and how it affects other nodes. Nodes with high centrality (>0.1) are usually considered to be turning points or critical points in a domain. Get the global distribution of ADCs on the clinical trial registration website (Figure 1). Globally, the regions included on the map are Africa, Central America, East Asia, Europe, the Middle East, North America, North Asia, Pacifica, South America, South Asia, and Southeast Asia. The darker the color is, the more the number of registrations is. The lighter the color is, the less the number of registrations is. The top 10 countries in terms of the number of registered clinical trials were counted by Excel, and then their annual number of registered trials was counted and plotted separately (Figure 1). The top 10 countries included the United States, Spain, France, the United Kingdom, Belgium, Canada, Italy, China, South Korea, and Australia. According to the comprehensive analysis, the research output of ADCs is increasing year by year, covering all regions, including the United States, Europe, and Asia. Among them, the United States is far ahead in this field.


Table 2 | The top 10 countries/regions involved in ADCs.





Distribution of institutions

CiteSpace analyzed the organization cooperation map (Figure 2) with N=332 and E=623. The top five institutions in the number of articles published are MD Anderson Cancer Center, Memorial Sloan-Kettering Cancer Center, Genentech, Harvard Medical School, and Zhejiang University. The top five institutions in the center are Harvard Medical School, Dana-Farber Cancer Institute, MD Anderson Cancer Center, Memorial Sloan-Kettering Cancer Center, and Genentech (Table 3). According to the comprehensive number of publications and central analysis, MD Anderson Cancer Center at the University of Texas in the United States can be regarded as an authoritative institution in this field.




Figure 2 | Visual analysis of institutions, co-cited references, and keywords in ADCs research. (A) The co-occurrence map of institutions in ADCs research. (B) Co-cited network map of references in ADCs research. (C) Co-occurrence of keywords related to ADCs by centrality. (D) Clustering map of keywords related to ADCs.




Table 3 | The top 5 institutions involved in ADCs.





Analysis of cited references

CiteSpace analysis obtained a network diagram of co-cited references with N=633 and E=2980 (Figure 2). The frequency and centrality of citations were used as parameters to statistically rank the top 5 studies, and a total of 12 key node papers were identified. However, since lung adenocarcinoma has the same abbreviation (ADC) as antibody-drug conjugates, further screening of these articles was required. Finally, 10 co-cited references related to antibody-drug conjugates were sifted, and two articles were excluded (6, 7) (Table 4). Among these, the articles published by Alain Beck et al. (8) and Shanu Modi et al. (9) were ranked first in terms of the number of citations (citation counts=77). The review by Alain Beck et al. summarized the development of three generations of ADCs and presented the challenges faced by next-generation ADCs. Shanu Modi et al. conducted a phase II clinical trial of DS-8201a, which confirmed its efficacy in HER2-positive metastatic breast cancer with antitumor activity (NCT03248492). Equally important, the phase II multicenter clinical trial of BV for relapsed or refractory systemic interstitial large cell lymphoma (ALCL) by Barbara Pro et al. (10) in 2012 (NCT00866047) had the highest intermediary centrality (centrality=0.21), suggesting that this article plays an excellent pivotal role in the structure of the research literature on ADCs.


Table 4 | The top 5 co-cited references involved in ADCs.





Analysis of keywords

Keywords are a high generalization of the content and a reflection of the theme of the article. Keywords with high frequency can usually reflect the research hotspots and the main directions in this field (18). The keyword co-occurrence map was constructed with CiteSpace (Figure 2, N=399, E=2624). According to the frequency of occurrence, the keywords “expression”, “cancer”, “monoclonal antibody”, “open-label”, “chemotherapy”, “breast cancer”, “treatment”, “antitumor activity”, “brentuximab vedotin”, “phase II trial”, “trastuzumab emtansine”, “antibody-drug conjugates”, “ HER2” and other keywords were obtained. According to the central order, the keywords “expression”, “monoclonal antibody”, “open-label”, “chemotherapy”, “cancer”, “antitumor activity”, “efficacy”, “phase I”, “phase II trial”, “growth factor receptor” and “adenocarcinoma” were obtained. By using the log-likelihood algorithm, the keywords of the literature are extracted for clustering and naming using CiteSpace. Finally, seven clusters are formed (Figure 2). The clustering result is good with Q=0.4319 and S=0.7642. The Q value is greater than 0.3, and the S value is greater than 0.5, which indicates that the clustering results are reasonable. It suggests that the research on ADCs is a hotspot in drugs, therapeutic targets, types of cancer treatment, clinical stages of drugs, and other aspects.



Analysis of ADCs

Statistical analysis was conducted on the website Home-ClinicalTrials.gov on the top 11 ADCs clinical trials in clinical registration. Also, for the wide range of data, we searched these 14 marketed ADCs on http://www.chictr.org.cn as well, searching their Chinese names, English names, trade names, and abbreviations. Finally, we find one clinical registration trial on BV and six clinical registration trials on RC-48. The other 12 ADCs were not found for clinical registration trials. The results of these two sites were aggregated and then mapped for analysis (Figure 3). The results showed that BV, DS-8201a, sacituzumab govitecan (IMMU-132), and Ado-trastuzumab emtansine (T-DM1) were the most studied drugs in the field, with BV being the most studied drug in clinical trials.




Figure 3 | Clinical registration trials of ADCs ranked by representative drugs, common target, and clinical stages. (A) Ranking of clinical trials of representative ADCs research. (B) Histogram of common targets of ADCs. (C) Distribution of clinical trial registration stages in ADCs research.





Analysis of target

In the design of the ADC, goal selection is the starting point of the ADC and the first component that should be considered in the system (19). On the Home-ClinicalTrials.gov website, we analyzed the common targets for ADCs and ranked the top 8 most studied targets, which are HER2, EGFR, CD30, Trop-2, CD22, Nectin-4, BCMA, and CD79 (Figure 3). Over the past decade, the number of clinical trial registrations has increased significantly in 2020, and it is trending upward year by year. One of the most studied ADC targets is HER2, which has 167 clinical trials.



Analysis of disease

CiteSpace was used to conduct timeline graph cluster analysis on the above co-cited references. And then screening and induction were carried out according to the types of diseases (Figure 4). Four clusters were obtained, that is, the four cancer types with the largest number of ADCs. The smaller the number of cluster labels (#), the larger the scale of the cluster. The clustering results were #1 ovarian cancer, #2 breast cancer, #6 urothelial carcinoma, and #8 gastric cancer. The clinical trials of ADCs of common cancer species were counted on the clinical trial registration website Home-ClinicalTrials.gov. And the bar chart statistical analysis was carried out with Excel (Figure 4). The top six cancer species were breast tumor, lymphoma, urogenital system tumor, lung tumor, digestive system tumor, and ovarian tumor. Comprehensive analysis shows that the most studied diseases in the field of ADCs are breast cancer, lymphoma, uroepithelial cancer, gastric cancer, and ovarian cancer. Among them, ADCs were the first to reach a peak in the field of lymphoma as early as 2013. Three years later, ovarian cancer and gastric cancer also had breakthroughs in ADCs. In 2018, a large number of clinical trials began to be devoted to the exploration of breast cancer, and it peaked in 2020, which has also shown a gradual upward trend in recent years.




Figure 4 | Major clinical indications for ADCs. (A) Clustering timeline of references related to ADCs research. (B) Bar chart of the clinical trials and disease type ranking of ADCs.





Analysis of clinical trial stage

According to the results of CiteSpace keyword analysis (Figure 2) and the distribution results of ADCs clinical trials registration stage (Figure 3), the result shows that there are 112 phase I clinical trials, 83 phase II clinical trials, 17 phase III clinical trials, and 3 phase IV clinical trials. The distribution of the number of phases shows that more than 100 ADCs in clinical trials worldwide have already entered phase III and IV, and have been successfully marketed. With the successful launch of these drugs, more and more ADCs have entered clinical trials, and most of them are still in Phase I and II, suggesting that ADCs are about to reach their peak in the future.




Discussion


General information

In this study, we used CiteSpace to conduct a systematic search and analysis of ADCs literature within the WoS core database from 2012-2022. We then used Excel to count the registered clinical trials on ADCs in Home-ClinicalTrials.gov. In total, 696 papers were included and 187 clinical trials were registered after excluding papers that did not meet the screening criteria. In order to provide reference and help for the application of ADCs in targeted cancer therapy, we analyzed the current research status, development trend, and future hotspots of ADCs worldwide.

From the results, there has been a significant increase in papers relating to ADCs over the past few years, indicating that this topic has received much attention (Figure 1). In addition, a substantial increase in the number of papers in 2020 could be attributed to the successive launches of sacituzumab govitecan-hziy, belantamab mafodotin, and cetuximab sarotalocan sodium since 2020 and the start of many new ADCs entering clinical trials in various countries, which have boosted research related to the field of ADCs. Global sales of currently marketed ADCs rose significantly from 2020 onwards, and are forecast to exceed US$16.4 billion in 2026 (20). Clearly, ADCs will continue to attract attention over the coming years.

The distribution of ADCs by country and institution is also distinctive. As seen in Figures 1B, and Table 1, the United States is not only the country with the highest number of published literature (n=310) but also leads in the number of clinical trials (n=148). Moreover, the literature published in the United States is also the most influential in this field (centrality=0.58). It can also be seen from Figure 2 and Table 3 that of the top 5 institutions, 5 of the top 6 are United States research institutions. The Chinese research institution of Zhejiang University ranks 5th in terms of the number of publications and is the most published institution in China in this field. Overall, the United States is the first and most influential country in the field of ADCs and has the core research value that puts it far ahead of other countries. China has the second-highest number of published papers (n=91), but the impact of relevant papers is not high. In terms of drug clinical trial research and development, China started to increase significantly in 2020, following the United States, indicating that China has started to focus on the development of ADCs and clinical research in recent years. Overall, research on ADCs is concentrated in a small number of developed countries, mainly in the United States, which may be related to the high funding requirement of ADCs, or the medical technology in developed countries and research collaboration between them.



Knowledge base

Co-citation is a technique used in research to gauge how relevant two papers are to one another. The knowledge base is a list of references that have been used together (21). In this study, there are 10 papers related to the field of ADC, which are cited most frequently (Table 4). Nine clinical trials and one review are included in these journals.

Alain Beck et al. (8)’s high-quality review on strategies and challenges for next-generation ADCs published in 2017 was the most cited (Citation Counts=72). It summarizes the three generations of ADCs and suggests directions for the third-generation ADCs. The other 9 clinical trials outline the progression and breakthroughs of ADCs. The first ADC Mylotarg (gemtuzumab ozogamicin) entered the market in 2000, which represented the successful development of the first generation of ADCs. It used a humanized mAb of IgG4 isotype, coupled to a potent cytotoxic plus ozogamicin via an acid-unstable linker. However, the drug was withdrawn from the market in 2010 due to unstable linkers and the easy shedding of toxic drugs (22). In the decade since then, scientists have continued to explore the limitations of the first-generation ADCs development technology, but still without breakthroughs. It was not until after 2011 that the successful clinical trials and successive launches of BV and T-DM1 marked the second stage of the development of ADCs. The second-generation ADCs have improved the design strategy of the connector and optimized the mAb as well as the payload, resulting in significantly improved clinical efficacy and safety of ADCs (23). In 2012, one year after BV was launched, Barbara Pro et al. (10) conducted a phase II multicenter clinical trial on its efficacy and safety in patients with relapsed or refractory systemic ALCL (NCT00866047). This article had the highest centrality (centrality = 0.21), suggesting that the results of this trial are leading the way for future studies in the field of ADCs. The higher remission rate of BV in relapsed or refractory systemic ALCL also provides a reference value for first-line treatment down the road. Notably, ADCs have been of great interest in the field of breast cancer. A single-arm phase II trial of T-DM1 (TDM4258g) conducted by Howard A. Burris III et al. (12) in 2011 opened the way for drug development in the breast cancer field (NCT00509769). This trial validated the safety and efficacy of T-DM1 in patients with HER2-positive metastatic breast cancer (MBC) previously treated with trastuzumab. Two years later, Sunil Verma et al. (15) followed up with a trial (NCT00829166) using T-DM1 in HER2-positive advanced breast cancer patients previously treated with trastuzumab and paclitaxel, and they found that T-DM1 significantly prolonged progression-free (PFS) and overall survival (OS) and was less toxic than lapatinib plus capecitabine. This trial led to the approval of T-DM1 for marketing in 2013. In 2019, G. von Minckwitz et al. (13) again turned their attention to the adjuvant efficacy of T-DM1, they found that adjuvant T-DM1 treatment reduced the risk of recurrence and death in HER2-positive early-stage breast cancer patients with residual invasive breast cancer (NCT01772472). The tremendous success of T-DM1 has prompted an increasing number of scientists and developers to focus on the field of breast cancer. In 2016, DS-8201a was proposed by Yusuke Ogitani et al. (11) as a new antitumor drug candidate that can act on HER2 targets in breast cancer. The authors showed that DS-8201a exhibited potent antitumor activity in T-DM1-insensitive HER2-positive cancers and low HER2-expressing cancers through in vivo and in vitro assays. This finding initiated scientists to explore the third-generation ADCs DS-8201a. 3 years later, a phase II clinical study on DS-8201a also confirmed its potent killing activity against HER2-positive metastatic breast cancer (NCT03248492) (9). Compared to second-generation T-DM1, third-generation DS-8201a uses a cleavable linker to attach the antibody to the cytotoxic DNA topoisomerase inhibitor (DXd), as well as a targeted coupling technique using cysteine residues. These contribute to its greater lethality and less toxic side effects. In 2021, the DESTINY-Breast 03 phase III trial thoroughly demonstrated the high clinical value of DS-8201a compared to T-DM1 in HER2-positive MBC patients, with statistically significant improvement in PFS (NCT03529110) (24). The successful launch of T-DM1 and DS-8201a has culminated in the development of ADCs in HER2 targets, which has inspired developers to explore other target areas. In 2017, the results of a clinical study on IMMU-132 targeting Trop-2 for triple-negative breast cancer showed good tolerability (NCT01631552) (14). Two years later, A. Bardia et al. (17) also found that IMMU-132 was associated with durable objective responses in heavily pretreated patients with metastatic triple-negative breast cancer (NCT01631552). Since then, the development of Trop-2 targets has proceeded in full swing.

Overall, these 10 highly co-cited papers show the current exploration and development of ADCs, and the analysis of co-cited references provides a deeper comprehension of the architecture of knowledge relevant to ADCs.



Structure of ADCs and optimization strategy

ADCs consist of three components: antibodies, cytotoxic payload, and linkers. In recent years, the updated iterations of the three generations of ADCs are closely related to the improvement of their three major components and the appearance of new coupling methods. However, the current ADCs still have certain limitations that require further optimization strategies for improvement.


Target and antibody

To deliver the cytotoxic payload to cancer cells, ADC targets must be internalized. Therefore, In the design of ADCs, target selection is the starting point of ADCs and the first element that should be considered in the system (19). The selection of ADC targets must meet certain requirements. (1) The target should be abundantly or preferentially expressed on cancer cells and minimally expressed on healthy tissue. (2) The target should also have minimal cancer cell secretion in the circulation, thereby maximizing antibody binding to the target cells (19). (3) The target antigen should be internalized into the cell immediately after binding to the ADC, resulting in a toxic effect on the payload (25). In the last decade, HER2 has been the most studied target in the ADC field and is gradually maturing (Figure 3). Human epidermal growth factor receptor 2 (HER2) is a tumor-associated antigen, which is overexpressed in tumor tissues by more than 100 times compared to the equivalent normal tissues (26). Mutations in this antigen are risk factors for carcinogenesis and are expressed in a variety of tumors, such as HER2-positive breast cancer (27), gastric cancer (28), metastatic colorectal cancer (29), and lung cancer (30). Currently, ADCs targeting HER2 for breast cancer include T-DM1, DS-8201a, and trastuzumab duocarmazine (SYD985). RC48, developed by Remegen Ltd, is the first ADC to submit a new drug marketing application in China, which combines an anti-HER2 monoclonal antibody with monomethyl auristatin E (MMAE) via a cleavable linker (31). In addition to HER2, several ADCs targeting other targets have been marketed. For example, cetuximab sarotaxol sodium, which targets EGFR, and ADCs targeting related CD targets for the treatment of hematologic and lymphoma diseases, have demonstrated better efficacy in the clinic. However, ADC targets still need to be optimized to reduce toxic effects. In addition to the three requirements for targets mentioned above, the exploration of next-generation ADCs needs to consider the homogeneity of target antigen expression in target-positive patients, as well as antigen shedding and secretion (32, 33). These may lead to reduced ADC binding to the target, which may cause an elevated risk of toxicity. In addition to the optimization of existing targets, the exploration of novel targets is essential for the expansion of the ADC field. Currently, there are novel targets in clinical phase II- III trials, such as folate receptors, tissue factor, LIV-1, CEACAM, CA6, and Nectin-4.

Antibodies are selected based on the identification of molecular targets for which it has the greatest intimacy and selectivity. To avoid inappropriate target-killing effects, it should identify overexpressed targets only at the tumor site (34). Early ADCs used highly immunogenic murine antibodies and human anti-mouse antibodies (HAMA), the latter of which, although an improvement over the former, still had the problem of leading to reduced efficiency and triggering human anti-chimeric reactions (35, 36). Today, the new generation of ADCs is more likely to use chimeric, humanized, or fully human antibodies to solve some of the previous problems. The currently marketed BV uses a chimeric antibody, which consists of a linkage with a human constant fragment (Fc) and a mouse antigen-binding fragment (Fab), as Fc can mediate the interaction with the immune system cells, resulting in reduced immunogenicity. However, it does not prevent the production of human anti-chimeric antibodies (HACA), a risk that is reduced by the humanized antibody trastuzumab used in T-DM1. It consists only of the complementary determining region of Fab transplanted into the human Fab region. To prevent the development of an immune response, a fully human antibody anti-nectin-4 mAb was used for the composition of enfortumab vedotin. However, these antibodies used in modern ADCs can only minimize problems such as acute hypersensitivity reactions or the production of neutralizing drug-resistant antibodies, but these problems have still not been fundamentally solved.



Linker

As one of the most difficult aspects of developing ADCs, the selection of linkers is critical, as it promotes the biological coupling reaction. Linkers can prevent the premature release of drugs, improve the release of active drugs at the target and promote the stability of the production process (37). At present, ADC linkers that have been listed and are in clinical trials can be mainly divided into two categories, namely, cleavable linkers and non-cleavable linkers (Table 1). Cleavable linkers are also divided into hydrazone linkers, disulfide linkers, and enzyme cleavable linkers. Hydrazone linkers are often coupled with doxorubicin, auristatin E, and calicheamicin. gemtuzumab ozogamicin and inotuzumab ozogamicin, which have been approved by FDA, use hydrazone linkers (38). However, the instability of hydrazone linkers led to the withdrawal of Pfizer’s Mylotarg in 2010. It was reintroduced in 2017 after its improvement in hepatotoxicity. Disulfide linkers are often coupled with maytansine and thiol-containing maytansinoid (39). Lorvotuzumab mertansine, coltuximab ravtansine, and anetumab ravtansine, which are in the stage of clinical research, use disulfide linkers. Enzyme cleavable linkers have better plasma stability than the first two kinds of linkers, which can be divided into peptide linkers and β-Glucuronidases linkers. Dipeptide linkers Val-Citrulline-PABC (Val-CIT-PABC) and Val-Ala-PABC (Val-Ala-PABC) in peptide linkers are widely used in ADCs, among which BV, which has been listed, is the most representative. β-Glucuronidases linkers have hydrophilic advantages, which can be coupled with highly hydrophobic drug toxins such as CBI groove binder, psymberin, camptothecin, adriamycin analogues, etc., to prepare ADCs (40). In contrast, the non-cleavable linker has better stability in plasma. For the payload to be released, the entire antibody-linker must be degraded by the lysosome, which usually results in charged amino acids remaining. By doing so, it impairs the action of the protein or the permeability of cells (41). At present, the most commonly used non-cleavable linker is a succinimide-thioether bond, which is usually coupled with maytansinoid derivatives DM1 and auristatin (17). The most representative ADCs are T-DM1 and depatuxizumab mafodotin, the former is coupled with DM1, and the latter is prepared by coupling with monomethyl auristatin F (MMAF). However, the succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) linker used in T-DM1 has a retro-Michael elimination reaction, which leads to reduced efficacy of ADC (42). In response to the problems of previous linkers, scientists have been working this year to develop new linkers and conjugation technology to improve the efficacy of ADCs. New chemical triggers (cBu trigger, silyl ether trigger, TRX trigger, photo-responsive cleavable triggers, and bio-orthogonal cuttable trigger) are already being developed, which improve the selectivity in tumor delivery. Compared to the previous conjugation technology (conjugated in random variable positions), the new site-specific conjugation technology has a well-defined drug-to-antibody ratio (DAR), which reduces ADC heterogeneity and improves the therapeutic window (43). The main site-specific conjugation strategies include the use of engineered cysteine residues, unnatural amino acids, and enzymatic conjugation through glycotransferases and transglutaminases. However, many issues remain to be addressed, including off-target toxicity due to instability, drug resistance in cancer cells, retro-Michael elimination reaction of the maleimide linker, heterogeneity of the DAR, and insufficient linker-payload connectivity. All these issues suggest that the technological update of the linker is closely related to the breakthrough of ADC (44–46).



Payload

The payload is critical for ADCs to exert cytotoxic effects, and it must have several characteristics. (1) The IC50 values should be low nanomolar or picomolar, which indicates a high level of cytotoxicity. (2) It should have a clearly defined target and a clear mechanism of action. (3) An attachment site for chemicals should be present (47). In addition, the payload should have sufficient stability in plasma. At the same time, the cells die and release toxins to kill neighboring cells, which requires the toxins to be able to cross the cell membrane and thus exert a bystander effect. The payload in ADCs can be divided into two categories, microtubule-disrupting drugs, and DNA-damaging drugs. Microtubule-disrupting drugs include auristatin and maytansinoid derivatives, and ADCs with auristatin as payload generally adopt MMAE and MMAF. BV, which is currently listed in ADC, uses MMAE as a payload to kill tumor cells (Table 1). At the same time, more than half of clinical ADCs in research use this payload (47). DM1 and DM4 are commonly used as maytansinoid derivatives, which are powerful microtubule-disrupting drugs. The payload of T-DM1, which is currently on the market, is DM1, which has become a typical representative of maytansinoid derivatives in ADCs. DNA-damaging drugs include camptothecin, calicheamicin, and anthramycin. The principle of camptothecin and its derivatives is to selectively act on DNA topoisomerase I (Topo I), stabilize DNA Topo I complex, block DNA replication and transcription, and lead to tumor cell apoptosis. SN-38 is the most potential camptothecin derivative. Labetuzumab govitecan (IMMU-130) for the treatment of recurrent or refractory colorectal cancer, and IMMU-132 for the treatment of metastatic triple-negative breast cancer, both use SN-38 as a payload to couple with antibodies. In Calicheamicin, N-acetyl-γ- calicheamicin is widely used as the classic payload of ADCs, and gemtuzumab ozogamicin and inotuzumab ozogamicin approved by FDA currently use it. Pyrrolobenzodiazepine (PBD), one of the anthramycin derivatives, has also been gradually used as a payload of new ADCs. The mechanism of action of PBD is to kill tumor cells by binding and cross-linking to specific targets of cancer cell DNA, and it prevents the proliferation of tumor cells without deforming their DNA helix in the process, thus also avoiding the emergence of drug resistance (48). It is the third emerging payload after auristatin and maytansinoid, and will also become the hotspot direction of ADCs payload at present. In addition to this, RNA polymerase inhibitors (such as amatoxin, spliceostatin C, and thailanstatin A) are also expected to be new payloads (26), and they have the advantage of being able to overcome multidrug resistance (MDR) phenotypes compared to MMAE and maytansinoids (49). There are also relevant studies for nitric oxide (NO) as a payload that have shown good efficacy results (50). Currently, more effective and safe payloads are needed to support the development of new ADCs. Moreover, the problems of finding the best DAR and overcoming multi-drug resistance techniques are also needed to be overcome in the future.

In summary, there are still many limitations in ADC technology development. Among them, the off-target toxicity of ADC is the biggest challenge at present. In addition, the problem of ADC resistance and protein aggregation are also the major obstacles to ADC development (51). These issues will be the main focus of ADC in future research.




Research hotspots

In recent years, with in-depth research on the mechanism of ADC targeting therapy, ADC technology has been greatly innovated and progressed. At the same time, more and more new drug development companies have started to increase the development process of ADCs. Consequently, ADCs have become more widely applied in clinical settings.

In 2021, Carolina do Pazo et al. (20) forecasted the oncology market for ADCs over the next five years and projected that global sales of marketed ADCs will exceed $16.4 billion by 2026. This report also suggests that DS-8201a will be the highest-selling ADC in 2026 ($6.2 billion in global sales). Moreover, enfortumab vedotin ($3.5 billion in 2026), IMMU-132 ($1.1 billion in 2026), and BV ($1.8 billion in 2026) are also expected to have a large market and will be the popular research topics in the future. Trastuzumab Deruxtecan (DS-8201a) has the highest buzz thanks to its broad-spectrum anticancer effects. Since its development, DS-8201a has expanded from breast cancer to include gastric, lung, and colorectal cancers. While the results of the DESTINY-Breast03 trial have demonstrated the tremendous benefits of DS-8201a over T-DM1 in patients with HER2-positive MBC, its exploration in the breast cancer field has not stopped there. The results of the DESTINY-Breast04 trial announced this year showed that DS-8201a prolonged mPFS and mOS compared to chemotherapy in patients with HER2 low expression breast cancer (NCT03734029) (52). Based on this trial, DS-8201a was approved by the FDA for unresectable or metastatic HER2 low-expression breast cancer in August of this year. This approval officially makes HER2 low-expression breast cancer a new breast cancer classification, thus allowing more patients to benefit from HER2-targeted therapy, especially those with what would otherwise be considered triple-negative breast cancer. In the field of gastric cancer, the results of DESTINY-Gastric01 showed a significantly prolonged OS and a significantly improved ORR in DS-8201a compared to the chemotherapy group (NCT03329690) (28). As a result, DS-8201a was approved by the FDA in January 2021 for patients with locally advanced or metastatic HER2-positive gastric or gastroesophageal junction (GEJ) adenocarcinoma who have received prior trastuzumab treatment. This is the first ADC approved for HER2-positive gastric cancer, and in recent years, DS-8201a has also been a breakthrough in lung cancer. both the DESTINY-Lung01 (NCT03505710) (53) and DESTINY-Lung02 (NCT04644237) trials demonstrated a higher OR for DS-8201a in patients with HER2-positive non-small cell lung cancer (NSCLC). As a result, the FDA accelerated the approval of DS-8201a for unresectable or metastatic HER2-positive NSCLC that had received systemic therapy this past August, making it the first HER2-targeted therapy for lung cancer. the success of DS-8201a in these areas has in turn inspired scientists to explore the field of colorectal cancer. the results of the DESTINY-CRC01 trial in 2021 confirmed its antitumor effect in patients with HER2-positive metastatic colorectal cancer (mCRC) (NCT03384940) (29). In the future, DS-8201a will have a huge market as the most sought-after ADC. Also with broad therapeutic promise is IMMU-132, approved in 2020 for the treatment of triple-negative breast cancer, which is the first ADC approved by the FDA to target Trop-2. In addition to triple-negative breast cancer, IMMU132 has demonstrated excellent clinical efficacy in several solid tumors, including lung cancer (NSCLC and SCLC) (54, 55), uroepithelial cancer (56), colon cancer (57) and ovarian cancer (58). This is attributed to the expression of Trop-2 in several cancer types. Similar to HER2, Trop-2 will be a new hot target for research after HER2.

In addition to the fact that some ADCs have multiple indications in clinical practice, combination therapeutic strategies have become an important research direction in the current clinical treatment of ADCs. A reasonable combination strategy can improve the activity of ADCs and achieve more accurate and higher killing ability. Currently, relevant clinical studies have confirmed the superiority of combination strategies for ADCs. BV’s combination chemotherapy regimen BV + AVD (doxorubicin, vinblastine, and dacarbazine), has been approved in 2018 for the treatment of previously untreated adult patients with stage III or IV classic HL (NCT01657331) (59). BV was also included in the combination chemotherapy regimen BV + CHP (cyclophosphamide, doxorubicin, and prednisone) in 2020 for the first-line treatment of adult patients with CD30-positive systemic mesenchymal large cell lymphoma (sALCL) (60). The combination of Neratinib and T-DM1 in the same lung human tumor xenograft model (PDXS) with ERBB2 amplification and mutation (S310F) has a more significant and lasting effect than that of T-DM1 alone in inducing tumor regression (61). KATE2 clinical trial is the first randomized, double-blind phase II clinical study exploring ADC combined with immunotherapy, (NCT02924883). The results show that the median PFS of T-DM1 combined with the atezolizumab group is 8.5 months, which is significantly longer than that of the T-DM1 plus placebo control group (62). At present, the clinical research on ADCs combined regimen has been in full swing, which indicates that ADCs will provide better curative effects to patients in the future.




Strengths and limitations

In our research, the bibliometrics software CiteSpace and the statistical software Excel were used to visually and objectively analyze the development trend and research status of antibody-drug conjugates in the past decade. This may provide guidance for clinicians and academics working in this field. Inevitably, this study has some limitations. In the first place, our study does not include a comprehensive review of the literature, we have only included the literature from the WoS core database. CNKI data, as well as PubMed, Scopus, and other important search engines were not included. Similarly, the clinical trial data we included are all from the Home-ClinicalTrials.gov website, and the data from other clinical trial websites are also excluded. Secondly, our study may have ignored some newly published articles of high quality. This is because they were published relatively recently and do not yet have high citation rates. We expect a more comprehensive hotspot analysis to update our study in the future. Finally, although our study data are lacking (publications published in 2022 and data from other clinical trial sites are excluded), this study includes the great bulk of articles published in ADCs between 2012 and 2022, and clinical trial.org is also the largest clinical trial site in the world. Therefore, the new data may have little impact on the final results.



Conclusion

In general, antibody-drug conjugates have become the focus of targeted therapy in the tumor field in recent years. Breast cancer is the most popular indication in the ADCs research field at present. The development test of ADCs targeting HER2 and Trop-2 targets by various companies is also in full swing. At present, it is in the third-generation research stage of ADCs technology. The specificity and cytotoxicity of the new-generation ADCs are superior to those of the previous-generation products. As the ADC development technology continues to advance, the clinical aspects of the drug are becoming more widely used. Scientists are beginning to explore the efficacy of individual drugs in multiple indications, and combination therapeutic strategy is also becoming a future research direction. However, many challenges remain in the development of ADCs, including the exploration of pharmacokinetic mechanisms, the issue of off-target toxicity, the exploration of new coupling modalities, and the issue of drug resistance. The innovation of ADCs technology and the joint application strategy is still the favored breakthrough points in the field of cancer in the future.



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.



Author contributions

PY is the first author, YZ is the corresponding author and SZ is the co-corresponding author. YZ and SZ contributed to conception and design of the study. CD, MH, CF organized the database. JL, FZ and LD performed the statistical analysis.  XW and YL prepare all the figures and tables. PY and CL wrote the first draft of the manuscript. All authors contributed to the article and approved the submitted version.



Conflict of interest

The 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.



References

1. Chau, CH, Steeg, PS, and Figg, WD. Antibody-drug conjugates for cancer. Lancet (2019) 394(10200):793–804. doi: 10.1016/S0140-6736(19)31774-X

2. Fu, Z, Li, S, Han, S, Shi, C, and Zhang, Y. Antibody drug conjugate: the "biological missile" for targeted cancer therapy. Signal Transduct Target Ther (2022) 7(1):93. doi: 10.1038/s41392-022-00947-7

3. Feng, LF, Yan, PJ, Chu, XJ, Zhang, N, and Yang, KH. A scientometric study of the top 100 most-cited publications based on web of science of robotic surgery versus laparoscopic surgery. Asian J Surg (2021) 44(2):440–51. doi: 10.1016/j.asjsur.2020.10.026

4. Liu, S, Sun, Y-P, Gao, X-L, and Sui, Y. Knowledge domain and emerging trends in alzheimer's disease: A scientometric review based on CiteSpace analysis. Neural Regener Res (2019) 14(9):1643–50. doi: 10.4103/1673-5374.255995

5. Prayle, AP, Hurley, MN, and Smyth, AR. Compliance with mandatory reporting of clinical trial results on ClinicalTrials.gov: Cross sectional study. BMJ (2012) 344:d7373.

6. Cancer Genome Atlas Research Network. Comprehensive genomic characterization of squamous cell lung cancers. Nature (2012) 489(7417):519–25. doi: 10.1038/nature11404

7. Travis, WD, Brambilla, E, Noguchi, M, Nicholson, AG, Geisinger, KR, Yatabe, Y, et al. International association for the study of lung cancer/american thoracic society/european respiratory society international multidisciplinary classification of lung adenocarcinoma. J Thorac Oncol: Off Publ Int Assoc  Study Lung Cancer (2011) 6(2):244–85. doi: 10.1097/JTO.0b013e318206a221

8. Beck, A, Goetsch, L, Dumontet, C, and Corvaïa, N. Strategies and challenges for the next generation of antibody-drug conjugates. Nat Rev Drug Discovery (2017) 16(5):315–37. doi: 10.1038/nrd.2016.268

9. Modi, S, Saura, C, Yamashita, T, Park, YH, Kim, S-B, Tamura, K, et al. Trastuzumab deruxtecan in previously treated HER2-positive breast cancer. N Engl J Med (2019) 382(7):610–21. doi: 10.1056/NEJMoa1914510

10. Pro, B, Advani, R, Brice, P, Bartlett, NL, Rosenblatt, JD, Illidge, T, et al. Brentuximab vedotin (SGN-35) in patients with relapsed or refractory systemic anaplastic large-cell lymphoma: Results of a phase II study. J Clin Oncol Off J Am Soc Clin Oncol (2012) 30(18):2190–6. doi: 10.1200/JCO.2011.38.0402

11. Ogitani, Y, Aida, T, Hagihara, K, Yamaguchi, J, Ishii, C, Harada, N, et al. DS-8201a, a novel HER2-targeting ADC with a novel DNA topoisomerase I inhibitor, demonstrates a promising antitumor efficacy with differentiation from T-DM1. Clin Cancer Res (2016) 22(20):5097–108. doi: 10.1158/1078-0432.CCR-15-2822

12. Burris, HA, Rugo, HS, Vukelja, SJ, Vogel, CL, Borson, RA, Limentani, S, et al. Phase II study of the antibody drug conjugate trastuzumab-DM1 for the treatment of human epidermal growth factor receptor 2 (HER2)-positive breast cancer after prior HER2-directed therapy. J Clin Oncol: Off J Am Soc Clin Oncol (2011) 29(4):398–405. doi: 10.1200/JCO.2010.29.5865

13. von Minckwitz, G, Huang, C-S, Mano, MS, Loibl, S, Mamounas, EP, Untch, M, et al. Trastuzumab emtansine for residual invasive HER2-positive breast cancer. N Engl J Med (2019) 380(7):617–28. doi: 10.1056/NEJMoa1814017

14. Bardia, A, Mayer, IA, Diamond, JR, Moroose, RL, Isakoff, SJ, Starodub, AN, et al. Efficacy and safety of anti-Trop-2 antibody drug conjugate sacituzumab govitecan (IMMU-132) in heavily pretreated patients with metastatic triple-negative breast cancer. J Clin Oncol (2017) 35(19):2141–8. doi: 10.1200/JCO.2016.70.8297

15. Verma, S, Miles, D, Gianni, L, Krop, IE, Welslau, M, Baselga, J, et al. Trastuzumab emtansine for HER2-positive advanced breast cancer. N Engl J Med (2012) 367(19):1783–91. doi: 10.1056/NEJMoa1209124

16. Garon, EB, Rizvi, NA, Hui, R, Leighl, N, Balmanoukian, AS, Eder, JP, et al. Pembrolizumab for the treatment of non-small-cell lung cancer. N Engl J Med (2015) 372(21):2018–28. doi: 10.1056/NEJMoa1501824

17. Bardia, A, Mayer, IA, Vahdat, LT, Tolaney, SM, Isakoff, SJ, Diamond, JR, et al. Sacituzumab govitecan-hziy in refractory metastatic triple-negative breast cancer. N Engl J Med (2019) 380(8):741–51. doi: 10.1056/NEJMoa1814213

18. Liu, X, Zhan, FB, Hong, S, Niu, B, and Liu, Y. A bibliometric study of earthquake research: 1900–2010. Scientometrics (2012) 92(3):747–65. doi: 10.1007/s11192-011-0599-z

19. Damelin, M, Zhong, W, Myers, J, and Sapra, P. Evolving strategies for target selection for antibody-drug conjugates. Pharm Res (2015) 32(11):3494–507. doi: 10.1007/s11095-015-1624-3

20. do Pazo, C, Nawaz, K, and Webster, RM. The oncology market for antibody-drug conjugates. Nat Rev Drug Discov (2021) 20(8):583–4. doi: 10.1038/d41573-021-00054-2

21. Ma, D, Yang, B, Guan, B, Song, L, Liu, Q, Fan, Y, et al. A bibliometric analysis of pyroptosis from 2001 to 2021. Front Immunol (2021) 12:731933. doi: 10.3389/fimmu.2021.731933

22. Joubert, N, Beck, A, Dumontet, C, and Denevault-Sabourin, C. Antibody-drug conjugates: The last decade. Pharm (Basel) (2020) 13(9):245. doi: 10.3390/ph13090245

23. Dosio, F, Brusa, P, and Cattel, L. Immunotoxins and anticancer drug conjugate assemblies: the role of the linkage between components. Toxins (Basel) (2011) 3(7):848–83. doi: 10.3390/toxins3070848

24. Cortés, J, Kim, S-B, Chung, W-P, Im, S-A, Park, YH, Hegg, R, et al. Trastuzumab deruxtecan versus trastuzumab emtansine for breast cancer. N Engl J Med (2022) 386(12):1143–54. doi: 10.1056/NEJMoa2115022

25. Donaghy, H. Effects of antibody, drug and linker on the preclinical and clinical toxicities of antibody-drug conjugates. MAbs (2016) 8(4):659–71. doi: 10.1080/19420862.2016.1156829

26. Khongorzul, P, Ling, CJ, Khan, FU, Ihsan, AU, and Zhang, J. Antibody-drug conjugates: A comprehensive review. Mol Cancer Res (2020) 18(1):3–19. doi: 10.1158/1541-7786.MCR-19-0582

27. Stokke, JL, and Bhojwani, D. Antibody-drug conjugates for the treatment of acute pediatric leukemia. J Clin Med (2021) 10(16):3556. doi: 10.3390/jcm10163556

28. Shitara, K, Bang, YJ, Iwasa, S, Sugimoto, N, Ryu, MH, Sakai, D, et al. Trastuzumab deruxtecan in previously treated HER2-positive gastric cancer. N Engl J Med (2020) 382(25):2419–30. doi: 10.1056/NEJMoa2004413

29. Siena, S, Di Bartolomeo, M, Raghav, K, Masuishi, T, Loupakis, F, Kawakami, H, et al. Trastuzumab deruxtecan (DS-8201) in patients with HER2-expressing metastatic colorectal cancer (DESTINY-CRC01): A multicentre, open-label, phase 2 trial. Lancet Oncol (2021) 22(6):779–89. doi: 10.1016/S1470-2045(21)00086-3

30. Li, BT, Shen, R, Buonocore, D, Olah, ZT, Ni, A, Ginsberg, MS, et al. Ado-trastuzumab emtansine for patients with HER2-mutant lung cancers: Results from a phase II basket trial. J Clin Oncol (2018) 36(24):2532–7. doi: 10.1200/JCO.2018.77.9777

31. Li, L, Xu, MZ, Wang, L, Jiang, J, Dong, LH, Chen, F, et al. Conjugating MMAE to a novel anti-HER2 antibody for selective targeted delivery. Eur Rev Med Pharmacol Sci (2020) 24(24):12929–37. doi: 10.26355/eurrev_202012_24196

32. Junttila, MR, and de Sauvage, FJ. Influence of tumour micro-environment heterogeneity on therapeutic response. Nature (2013) 501(7467):346–54. doi: 10.1038/nature12626

33. Lucas, AT, Price, LSL, Schorzman, AN, Storrie, M, Piscitelli, JA, Razo, J, et al. Factors affecting the pharmacology of antibody-drug conjugates. Antibodies (Basel) (2018) 7(1):10. doi: 10.3390/antib7010010

34. Ponziani, S, Di Vittorio, G, Pitari, G, Cimini, AM, Ardini, M, Gentile, R, et al. Antibody-drug conjugates: The new frontier of chemotherapy. Int J Mol Sci (2020) 21(15):5510. doi: 10.3390/ijms21155510

35. Wang, YJ, Li, YY, Liu, XY, Lu, XL, Cao, X, and Jiao, BH. Marine antibody-drug conjugates: Design strategies and research progress. Mar Drugs (2017) 15(1):18. doi: 10.3390/md15010018

36. Yasunaga, M, Manabe, S, Tsuji, A, Furuta, M, Ogata, K, Koga, Y, et al. Development of antibody-drug conjugates using DDS and molecular imaging. Bioengineering (Basel) (2017) 4(3):78. doi: 10.3390/bioengineering4030078

37. Eras, A, Castillo, D, Suarez, M, Vispo, NS, Albericio, F, and Rodriguez, H. Chemical conjugation in drug delivery systems. Front Chem (2022) 10:889083. doi: 10.3389/fchem.2022.889083

38. Sheyi, R, de la Torre, BG, and Albericio, F. Linkers: An assurance for controlled delivery of antibody-drug conjugate. Pharmaceutics (2022) 14(2):396. doi: 10.3390/pharmaceutics14020396

39. Perez, HL, Cardarelli, PM, Deshpande, S, Gangwar, S, Schroeder, GM, Vite, GD, et al. Antibody-drug conjugates: current status and future directions. Drug Discovery Today (2014) 19(7):869–81. doi: 10.1016/j.drudis.2013.11.004

40. Tranoy-Opalinski, I, Legigan, T, Barat, R, Clarhaut, J, Thomas, M, Renoux, B, et al. Beta-glucuronidase-responsive prodrugs for selective cancer chemotherapy: an update. Eur J Med Chem (2014) 74:302–13. doi: 10.1016/j.ejmech.2013.12.045

41. Jain, N, Smith, SW, Ghone, S, and Tomczuk, B. Current ADC linker chemistry. Pharm Res (2015) 32(11):3526–40. doi: 10.1007/s11095-015-1657-7

42. Dovgan, I, Kolodych, S, Koniev, O, and Wagner, A. 2-(Maleimidomethyl)-1,3-Dioxanes (MD): A serum-stable self-hydrolysable hydrophilic alternative to classical maleimide conjugation. Sci Rep (2016) 6:30835. doi: 10.1038/srep30835

43. Manabe, S, and Yamaguchi, Y. Antibody glycoengineering and homogeneous antibody-drug conjugate preparation. Chem Rec (2021) 21(11):3005–14. doi: 10.1002/tcr.202100054

44. Su, Z, Xiao, D, Xie, F, Liu, L, Wang, Y, Fan, S, et al. Antibody-drug conjugates: Recent advances in linker chemistry. Acta Pharm Sin B (2021) 11(12):3889–907. doi: 10.1016/j.apsb.2021.03.042

45. Lyon, RP, Bovee, TD, Doronina, SO, Burke, PJ, Hunter, JH, Neff-LaFord, HD, et al. Reducing hydrophobicity of homogeneous antibody-drug conjugates improves pharmacokinetics and therapeutic index. Nat Biotechnol (2015) 33(7):733–5. doi: 10.1038/nbt.3212

46. Hamblett, KJ, Senter, PD, Chace, DF, Sun, MMC, Lenox, J, Cerveny, CG, et al. Effects of drug loading on the antitumor activity of a monoclonal antibody drug conjugate. Clin Cancer Res:  Off J Am Assoc  Cancer Res (2004) 10(20):7063–70. doi: 10.1158/1078-0432.CCR-04-0789

47. Kostova, V, Desos, P, Starck, JB, and Kotschy, A. The chemistry behind ADCs. Pharm (Basel) (2021) 14(5):442. doi: 10.3390/ph14050442

48. Saunders, LR, Bankovich, AJ, Anderson, WC, Aujay, MA, Bheddah, S, Black, K, et al. A DLL3-targeted antibody-drug conjugate eradicates high-grade pulmonary neuroendocrine tumor-initiating cells in vivo. Sci Transl Med (2015) 7(302):302ra136. doi: 10.1126/scitranslmed.aac9459

49. Flygare, JA, Pillow, TH, and Aristoff, P. Antibody-drug conjugates for the treatment of cancer. Chem Biol Drug Des (2013) 81(1):113–21. doi: 10.1111/cbdd.12085

50. Sun, F, Wang, Y, Luo, X, Ma, Z, Xu, Y, Zhang, X, et al. Anti-CD24 antibody-nitric oxide conjugate selectively and potently suppresses hepatic carcinoma. Cancer Res (2019) 79(13):3395–405. doi: 10.1158/0008-5472.CAN-18-2839

51. McKertish, CM, and Kayser, V. Advances and limitations of antibody drug conjugates for cancer. Biomedicines (2021) 9(8):872. doi: 10.3390/biomedicines9080872

52. Modi, S, Jacot, W, Yamashita, T, Sohn, J, Vidal, M, Tokunaga, E, et al. Trastuzumab deruxtecan in previously treated HER2-low advanced breast cancer. N Engl J Med (2022) 387(1):9–20. doi: 10.1056/NEJMoa2203690

53. Li, BT, Smit, EF, Goto, Y, Nakagawa, K, Udagawa, H, Mazieres, J, et al. Trastuzumab deruxtecan in HER2-mutant non-Small-Cell lung cancer. N Engl J Med (2022) 386(3):241–51. doi: 10.1056/NEJMoa2112431

54. Heist, RS, Guarino, MJ, Masters, G, Purcell, WT, Starodub, AN, Horn, L, et al. Therapy of advanced non-Small-Cell lung cancer with an SN-38-Anti-Trop-2 drug conjugate, sacituzumab govitecan. J Clin Oncol (2017) 35(24):2790–7. doi: 10.1200/JCO.2016.72.1894

55. Gray, JE, Heist, RS, Starodub, AN, Camidge, DR, Kio, EA, Masters, GA, et al. Therapy of small cell lung cancer (SCLC) with a topoisomerase-i-inhibiting antibody-drug conjugate (ADC) targeting trop-2, sacituzumab govitecan. Clin Cancer Res  Off J Am Assoc  Cancer Res (2017) 23(19):5711–9. doi: 10.1158/1078-0432.CCR-17-0933

56. Tagawa, ST, Balar, AV, Petrylak, DP, Kalebasty, AR, Loriot, Y, Flechon, A, et al. TROPHY-U-01: A phase II open-label study of sacituzumab govitecan in patients with metastatic urothelial carcinoma progressing after platinum-based chemotherapy and checkpoint inhibitors. J Clin Oncol (2021) 39(22):2474–85. doi: 10.1200/JCO.20.03489

57. Guerra, E, Trerotola, M, Relli, V, Lattanzio, R, Tripaldi, R, Vacca, G, et al. Trop-2 induces ADAM10-mediated cleavage of e-cadherin and drives EMT-less metastasis in colon cancer. Neoplasia (2021) 23(9):898–911. doi: 10.1016/j.neo.2021.07.002

58. Lopez, S, Perrone, E, Bellone, S, Bonazzoli, E, Zeybek, B, Han, C, et al. Preclinical activity of sacituzumab govitecan (IMMU-132) in uterine and ovarian carcinosarcomas. Oncotarget (2020) 11(5):560–70. doi: 10.18632/oncotarget.27342

59. O'Connor, OA, Lue, JK, Sawas, A, Amengual, JE, Deng, C, Kalac, M, et al. Brentuximab vedotin plus bendamustine in relapsed or refractory hodgkin's lymphoma: an international, multicentre, single-arm, phase 1-2 trial. Lancet Oncol (2018) 19(2):257–66. doi: 10.1016/S1470-2045(17)30912-9

60. Richardson, NC, Kasamon, YL, Chen, H, de Claro, RA, Ye, J, Blumenthal, GM, et al. FDA Approval summary: Brentuximab vedotin in first-line treatment of peripheral T-cell lymphoma. Oncologist (2019) 24(5):e180–e7. doi: 10.1634/theoncologist.2019-0098

61. Li, BT, Michelini, F, Misale, S, Cocco, E, Baldino, L, Cai, Y, et al. HER2-mediated internalization of cytotoxic agents in amplified or mutant lung cancers. Cancer Discov (2020) 10(5):674–87. doi: 10.1158/2159-8290.CD-20-0215

62. Emens, LA, Esteva, FJ, Beresford, M, Saura, C, De Laurentiis, M, Kim, SB, et al. Trastuzumab emtansine plus atezolizumab versus trastuzumab emtansine plus placebo in previously treated, HER2-positive advanced breast cancer (KATE2): A phase 2, multicentre, randomised, double-blind trial. Lancet Oncol (2020) 21(10):1283–95. doi: 10.1016/S1470-2045(20)30465-4


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 © 2023 Yao, Zhang, Zhang, Wei, Liu, Du, Hu, Feng, Li, Zhao, Li, Li and Du. 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/Images/fonc-12-1039882-g002.jpg
((Travis WD (2011)
‘e
°

Hammerman PS (2012)

Borghasi H (2015)
Antonia s (2016)

« « Garon EB (2015)
¢Burris HA (2011)
e o Cait San Francisco .,
. ©

Texas MD Anderson Canc Ctr i A
N s 24 5Pro B (2012)
m; eana Farber Canc Inst Marvard Med Sch

E « ©

cespace
=~

@ongii Univ

o
° .@mmh o
Qe

Sloan Kettering Canc Ctr

b caogumieay
@
R UREPIY 0 ozogamicin

antitumor ectivigl

ciespac
aadas’






OEBPS/Images/fonc-12-1039882-g004.jpg
#6 urothelial carcinoma

#8 gastric cancer

ovarian tumo

urogenital system tumor

gestive system tumo

lymphoma

breast cance

lung tumor

[

5 m2016 m2017 m2018

30

of Clinical T

2019 m2020

2021

2022





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Knowledge atlas of antibody-drug conjugates on CiteSpace and clinical trial visualization analysis

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Method

        

          		

            Data collection and retrieval strategy

          



          		

            Data analysis

          



        



        



        		

          Results

        

          		

            Distribution by publication time

          



          		

            Distribution by country and region

          



          		

            Distribution of institutions

          



          		

            Analysis of cited references

          



          		

            Analysis of keywords

          



          		

            Analysis of ADCs

          



          		

            Analysis of target

          



          		

            Analysis of disease

          



          		

            Analysis of clinical trial stage

          



        



        



        		

          Discussion

        

          		

            General information

          



          		

            Knowledge base

          



          		

            Structure of ADCs and optimization strategy

          

            		

              Target and antibody

            



            		

              Linker

            



            		

              Payload

            



          



          



          		

            Research hotspots

          



        



        



        		

          Strengths and limitations

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Ttaly 48

UK 41 Spain

Countries Publicati Countries
‘ USA 310 USA
‘ China V 91 UK
‘ Japan 51 Ttaly
‘ France
|






OEBPS/Images/table4.jpg
Publication @iz Rererencal s Sahen Centrality ~Reference

Year Counts Year

Alain Beck, etc./Shanu

2017/2019 . 77 8,9 2012 Barbara Pro, etc. 0.21 (10)
Modi, etc.
H d A. Burri;
2016 Yusuke Ogitani, etc. 53 an 2011 SRR 020 12)
111, ete.
2019 Gunter von Minckwitz,etc. 49 (13) 2017 Aditya Bardia, etc. 0.17 (14)

Edward B. Garon,
2012 Sunil Verma, ect. 46 (15) 2015 !'”“ L 0.14 16)
ect.

2019 Aditya Bardiaetc. 45 (17)






OEBPS/Images/fonc.2022.1039882_cover.jpg
& frontiers | Frontiers in Oncology

Knowledge atlas of antibody-drug
conjugates on CiteSpace and
clinical trial visualization analysis





OEBPS/Images/fonc-12-1039882-g001.jpg
@Anaon

@PAN
PLES R CHINA

GRANCE b

(EOUTH KOREA

@ELGIUM

¢

GERMANY (_‘Nf-rHERLANDs

e USA
e S pain
France
UK
—Belgium
e Canada
— [tay
@ China
@ South Korea

200020022004200620082010201220142016201820202022 === Australia
Year

@USTRALIA

(@EWITZERLAND

Colors indicate the number of studis with locations in that region

Labels give the exact number of studies.





OEBPS/Images/table3.jpg
Institutions Publications Institutions Centrality

Zhejiang University 15 Genentech 0.07

MD Anderson Cancer Center 26 Harvard Medical School 0.14 ‘
Memorial Sloan-Kettering Cancer Center 19 Dana-Farber Cancer Institute 0.11 ‘
Genentech 19 MD Anderson Cancer Center 0.10 ‘
Harvard Medical School 17 Memorial Sloan-Kettering Cancer Center 0.10 ‘

| |





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-1039882-g003.jpg
Number of Clinical Trials

Number of Clinical Trials

120
100

N A o ®
o & & & ©

Representative ADCs

112
83
17
phasel phase2 phase3

Registration Stage

phase4

EGFR I
CD22 HeE

BCMA M

CD7% 1§

CD30

Nectin-4

Type of Targets

- T
= |
trop2 NN
IEREN R e ————————————

0 20 40 60 80 100 120 140 160 180

Number of Clinical Trials

m2012 m2013 =2014 w2015 m2016 m2017 m2018 m2019 m2020 m2021 m2022





OEBPS/Images/table1.jpg
2000

2011

2013

2017

2018

2019

2020

2021

ADCs et
Gemtuzumab Ozogamicin CD33
Brentuximab

CD30
Vedotin
Ado-t
do m.stuzumab HER2
Emtansine
Inotuzu:lna.b cDp22
Ozogamicin

t b

Geml um»m:na CD33
Ozogamicin
Moxetumomab cD22
Pasudotox
Polatuzumab vedotin CD79B
Enfortumab

Nectin-4
Vedotin-jeff et
Fam-trasti o
‘am-trastuzumab- HER2
Deruxtecan
Sacit b
cituznmab Trop-2
Govitecan-hziy
Belantamab
Mafodotin BeMA
Cetuximab

EGFR
Sarotalocan Sodium G
L tuximab
on.c.as e CD19
Tesirine
Disitamab Vedotin HER2
Tisotumab Vedotin TF

Linker

Hydrazone linkers

Val-cit linker

Disulfide linkers

Hydrazone linkers

Hydrazone linkers

Mc-ve-PABC
Val-cit linker

Val-cit linker

Tetrapeptide linker

Hydrolysable CL2A

Maleimidocaproyl

Valine-alanine

Val-cit linker

Enzyme cleavable linkers

Payload

Calicheamicin

MORE

DM1

Calicheamicin

Calicheamicin

PEA
MMAE

MMAE

Dxd

SN38

MMAF

IRDye 700DX

PBD

MMAE

MMAE

Indicati

CD33-positive acute myeloid leukemia

Hodgkin lymphoma,
Large cell lymphoma, etc.

HER2-positive breast cancer

Acute B-lymphocyte leukemia

CD33-positive acute myeloid leukemia

Hairy cell leukemia

Diffuse large B-cell lymphoma

Advanced urothelial carcinoma

Metastatic HER2-positive breast cancer

Triple negative breast cancer

Multiple myeloma

Head and neck tumor

Recurrent or refractory diffuse large
B-cell lymphoma

Local late-stage HER2 overexpression or metastatic gastric cancer

Recurrent or metastatic cervical cancer





