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Abstract 

Since the first monoclonal antibody drug, muromonab-CD3, was approved for marketing in 1986, 165 antibody drugs 
have been approved or are under regulatory review worldwide. With the approval of new drugs for treating a wide 
range of diseases, including cancer and autoimmune and metabolic disorders, the therapeutic antibody drug market 
has experienced explosive growth. Monoclonal antibodies have been sought after by many biopharmaceutical com-
panies and scientific research institutes due to their high specificity, strong targeting abilities, low toxicity, side effects, 
and high development success rate. The related industries and markets are growing rapidly, and therapeutic antibod-
ies are one of the most important research and development areas in the field of biology and medicine. In recent 
years, great progress has been made in the key technologies and theoretical innovations provided by therapeutic 
antibodies, including antibody–drug conjugates, antibody-conjugated nuclides, bispecific antibodies, nanobodies, 
and other antibody analogs. Additionally, therapeutic antibodies can be combined with technologies used in other 
fields to create new cross-fields, such as chimeric antigen receptor T cells (CAR-T), CAR-natural killer cells (CAR-NK), 
and other cell therapy. This review summarizes the latest approved or in regulatory review therapeutic antibodies that 
have been approved or that are under regulatory review worldwide, as well as clinical research on these approaches 
and their development, and outlines antibody discovery strategies that have emerged during the development of 
therapeutic antibodies, such as hybridoma technology, phage display, preparation of fully human antibody from 
transgenic mice, single B-cell antibody technology, and artificial intelligence-assisted antibody discovery.
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Introduction
An antibody, also known as an immunoglobulin (Ig), is a 
glycoprotein produced by differentiated B lymphocytes, 
which makes up the humoral component of the adaptive 
immune system in response to exposure to pathogens. 
They comprise two larger heavy (H) chains (Igh) and two 
light (L) chains (Igκ or Igλ) linked by covalent disulfide 

bonds to form a tetrameric structure. Antibodies have 
been widely studied because of their high specificity 
and affinity with very high efficiencies in a lot of clinical 
diagnostic and therapeutic applications. Antibody-based 
protein derivatives, including recombinant monoclo-
nal antibody (mAb), antibody–drug conjugate (ADC), 
bispecific antibody (BsAb), antibody fragments, and Fc-
fusion protein, establish an important part of therapeutic 
agents.

The first approved-for-use therapeutic antibody 
(Muromonab-CD3) in 1986 was a mouse hybridoma 
mAb. This antibody, to some extent, was a straightfor-
ward result of the hybridoma technique advanced by 
Kohler and Milstein in 1975 [1]. Since hybridoma tech-
nology was discovered, antibody-based therapies have 
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continuously derived [2]. Murine mAbs in patient bod-
ies as if they were a foreign substance will cause human 
anti-mouse antibodies (HAMAs) because of no human 
species component and strong immunogenicity [3]. The 
muromonab-CD3 elicited a HAMA response that caused 
neurotoxicity in patients who received it [4]. To overcome 
these problems, techniques were matured to convert 
murine antibodies into structures similar to human anti-
bodies while retaining their binding properties. Abcixi-
mab, known as an anti-GPIIb/IIIa Fab, was first approved 
for use chimeric antibody in 1994 by the United States 
(US) Federal Drug Administration (FDA) for the treat-
ment of platelet aggregation [5]. Although the chimeric 
antibody exhibited a resolved HAMA response to a cer-
tain extent, its variable region is still of murine origin, 
there is the possibility of inducing HAMA, and further 
optimization is needed. Another new progress was the 
complementary-determining region (CDR) grafting tech-
nique resulted in humanized antibodies [6]. Daclizumab, 
an anti-IL-2 receptor antibody, was the first humanized 
mAb approved for use by the US FDA in 1997 for the 
prevention of transplant rejection [7, 8]. There is a well-
known therapeutic antibody, such as bevacizumab, which 
targets vascular endothelial growth factor (VEGF), has 
been approved for use as a first-line treatment for meta-
static colorectal cancer in 2004 [9]. In order to continue 
to reduce the immunogenicity of humanized antibodies, 
an important discovery technology that has been used 
to generate completely human mAbs was developed by 
Sir Gregory P. Winter in 1990 [10]. It was based on the 
phage display technique, inserting different exogenous 
genes into the phage vector. With the proliferation of 
phage, the foreign protein will be displayed on the sur-
face of the phage to form a phage library [11]. Adali-
mumab (Humira), an antitumor necrosis factor α (TNFα) 
fully human antibody [12], was approved for use in the 
treatment of cancer [13] and autoimmunity [14–16] in 
2002 by the US FDA. Preparation of fully human anti-
body from transgenic mice represents another technol-
ogy [17] that is used for generating fully human mAbs. 
Panitumumab, an anti-epidermal growth factor receptor 
(EGFR) fully human antibody [18, 19], and nivolumab, 
targets programmed cell death protein 1 (PD-1), a 
fully human IgG4 mAb [20, 21], which were both pro-
duced through a transgenic humanized mouse antibody 
platform.

With decades of development, therapeutic antibody 
drugs have increased in number, variety, and catego-
ries. By April 2021, with the approval of the dostarlimab 
antibody targeting PD-1, the number of antibody drugs 
has reached 100 from 50 in just over 6 years [22]. Anti-
body drugs now account for approximately one-fifth of 
new FDA-approved drugs annually. According to data 

published by the Antibody Society, as of July 1, 2022, 
there were 165 therapeutic antibody drugs approved or 
in regulatory reviews across the globe. Antibodies have 
become an important component of modern biomedi-
cine for the treatment of cancer, immune disease, infec-
tious disease, blood system disease, nervous system 
disease, genetic disease, and some other diseases. We 
analyzed the data associated with these products and 
found that nearly half (46.06%) were treatment for cancer, 
27.27% for the immune-mediated disorder, and 10.30% 
for infectious disease applications; the number used for 
treating infectious disease increased with the emergence 
of COVID-19 (Fig.  1a). Of those used to treat cancer 
(n = 75), the most frequent targets include PD-1, human 
epidermal growth factor receptor 2 (HER-2), CD20, and 
programmed cell death-ligand 1 (PD-L1). Of those used 
to treat diseases other than cancer (n = 90), the num-
ber of therapeutic antibodies targeting SARS-CoV-2 has 
increased the fastest in the past two years. The other 
common targets include TNF, interleukin (IL)-6 or IL-6 
receptor, IL-17 or IL-17 receptor, and calcitonin gene-
related peptide (CGPR) or CGPR receptor (Fig. 2).

In recent years, ADC [23] and BsAb, as new types of 
antibody drugs, are the hot fields of current pharmaceuti-
cal research and development, and their approvals have 
increased each year [24]. In addition, antibody formats 
such as Fab, single-chain variable fragment (scFv), and 
nanobody (VHH) technologies, have gradually started 
to be approved for marketing or have entered later-stage 
clinical trials, research, and development.

This review mainly summarizes the development of 
therapeutic antibodies for the treatment of diseases in 
approval and clinical trial, including monoclonal anti-
bodies, antibody–drug conjugates, bispecific antibodies, 
and antibody fragments. We also select the COVID-19 
disease as a representative to briefly describe the devel-
opment and limitations of therapeutic antibodies in the 
treatment of COVID-19. The preclinical development 
of therapeutic antibodies can be roughly divided into 
target discovery and verification, antibody prepara-
tion and screening, pilot production and quality control 
of antibodies, drug efficacy, pharmacokinetics, safety 
assessment and declaration, etc. We focus on several key 
technologies for the early preparation and screening of 
antibody drugs, including hybridoma technology, phage 
display human antibody libraries, human antibodies from 
transgenic mice, single B-cell antibody technology, and 
AI-assisted antibody discovery.

Monoclonal antibodies (mAbs)
A monoclonal antibody is generated from a single B 
lymphocyte and has a high degree of specificity binding 
to a certain epitope of an antigen. The heavy chain and 
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light chain variable domains, VH and VL) are responsi-
ble for the specific binding to the antigen to inhibit or 
neutralize the antigen [25]. There are three hypervari-
able regions known as CDRs in VH and VL. This con-
stant region also referred to as the Fc region, determines 
the class of the mAb and its function [26]. The Fc region 
determines the effector functions of antibodies, includ-
ing antibody-dependent cell cytotoxicity (ADCC) [27], 
antibody-dependent cellular phagocytosis (ADCP) [28], 
and complement-dependent cytotoxicity (CDC) [29]. 
Therefore, therapeutic monoclonal antibodies were 
developed as a result to block or inhibit the activity of a 
target enzyme, a cell surface transporter, or a signaling 
molecule and have been used in cancer immunotherapy 
and to treat severe viral infections. Current applications 
of mAbs include the treatment of other severe, nonma-
lignant diseases including atopic dermatitis, asthma, 

hypercholesterolemia, osteoporosis, migraine headaches, 
and bacterial infections (such as anthrax).

Monoclonal antibodies currently approved and market
By the end of July 2022, a total of 123 mAbs were 
approved for marketing (Table 1). Globally, 65 new mAbs 
were approved from 2021 onward. Thirteen antibodies 
targeting PD-1 have been approved, with PD-1 being the 
most developed target among those approved new mAbs 
(Fig. 3a). Notably, pucotenlimab, a humanized anti-PD-1 
mAb, was successfully approved for use in China on July 
19, 2022. Preclinical data (CTR20180125) suggest that it 
exerts antitumor effects [30]. Pembrolizumab, a human-
ized anti-PD-1 antibody approved for use by the US FDA 
in 2014, was used for treating advanced solid tumors [31, 
32], such as non-small cell lung cancer (NSCLC) [33–
35], early triple-negative breast cancer (TNBC) [36] and 

Fig. 1 Primary indications for antibody therapeutics are approved across the globe and in late-stage clinical studies sponsored by commercial 
firms. a Primary indications for antibody therapeutics are approved across the globe. Immune-mediated disorders category includes asthma, 
systemic lupus erythematosus, rheumatoid arthritis, etc.; the genetic disorders are Muckle-Wells syndrome, X-linked hypophosphatemia, hereditary 
angioedema attacks, and homozygous familial hypercholesterolemia. Figure based on data publicly available (www. antib odyso ciety. org/ antib 
ody- thera peuti cs- produ ct- data/.) as of July 1, 2022, total = 165. b Primary indications for antibody therapeutics in late-stage clinical studies. 
“Late-stage” is defined as pivotal Phase II, Phase II/III, or Phase III studies. Immune-mediated disorders category includes allergy and asthma; 
respiratory includes chronic obstructive pulmonary disease. Figure based on data publicly available (www. antib odyso ciety. org/ antib ody- thera peuti 
cs- produ ct- data/.) as of May 1, 2022, total = 145

http://www.antibodysociety.org/antibody-therapeutics-product-data/
http://www.antibodysociety.org/antibody-therapeutics-product-data/
http://www.antibodysociety.org/antibody-therapeutics-product-data/
http://www.antibodysociety.org/antibody-therapeutics-product-data/
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malignant pleural diseases [37]. Nivolumab, an anti-PD-1 
mAb that was also approved for use by the US FDA in 
2014 as well, was assessed as a treatment for recurrent 
or metastatic squamous-cell carcinoma of the head and 
neck [20], advanced renal-cell carcinoma [38], and nons-
quamous NSCLC [39]. Additionally, it works on Glioblas-
toma Multiforme since the PD-L1 protein is abundant on 
its surface [40]. A lot of randomized clinical trials indi-
cated that NSCLC patients who were treated combina-
tion with nivolumab with pembrolizumab showed higher 

overall survival than those treated with docetaxel [41]. 
Ustekinumab (Stelara) is a human mAb that binds to the 
p40 subunit common to both interleukin (IL)-12 and 
IL-23 [42], which are inflammatory cytokines implicated 
in Crohn’s disease pathophysiology [43]. It was approved 
as an induction and maintenance therapy for Crohn’s dis-
ease [44] and ulcerative colitis [45]. Chimeric antibod-
ies, such as rituximab [46] were the first FDA-approved 
mAb for use during the treatment of lymphoma patients 
[47]. Ublituximab [48], which targets CD20, a novel and 

Fig. 2 Targets for antibody therapeutics approved or in regulatory review globally for diseases. a targets for cancer and b targets for non-cancer. 
TSLP, thymic stromal lymphopoietin. Figure based on data publicly available (www. antib odyso ciety. org/ antib ody- thera peuti cs- produ ct- data/.) as of 
July 1, 2022, total = 165

http://www.antibodysociety.org/antibody-therapeutics-product-data/
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Table 1 Monoclonal antibodies first approved or undergoing regulatory  reviewb

Therapeutic Area INNa Drug Code(s)a Target Format First global approval

Immunology Muromonab-CD3 Orthoclone Okt3 CD3 Murine US, 1986

Immunology Efalizumab Raptiva CD11a Humanized US, 2003

Immunology Daclizumab Zinbryta; Zenapax IL-2R Humanized US, 1997

Immunology Basiliximab Simulect IL-2R Chimeric mouse/human US, 1998

Immunology Infliximab Remicade TNF Chimeric mouse/human US, 1998

Immunology Adalimumab Humira TNF Human US, 2002

Immunology Omalizumab Xolair IgE Humanized US, 2003

Immunology Natalizumab Tysabri a4 integrin Humanized US, 2004

Immunology Ustekinumab Stelara IL-12/23 Human EU, 2009

Immunology Golimumab Simponi TNF Human US, 2009

Immunology Tocilizumab Actemra IL-6R Humanized Japan, 2005

Immunology Belimumab Benlysta BLyS Human US, 2011

Immunology Siltuximab Sylvant IL-6 Chimeric mouse/human US, 2014

Immunology Vedolizumab Entyvio α4β7 integrin Humanized US, 2014

Immunology Secukinumab Cosentyx IL-17a Human Japan, 2014

Immunology Mepolizumab Nucala IL-5 Humanized US, 2015

Immunology Ixekizumab Taltz IL-17a Humanized US, 2016

Immunology Reslizumab Cinqaero IL-5 Humanized US, 2016

Immunology Brodalumab Kyntheum IL-17R Human Japan, 2016

Immunology Dupilumab Dupixent IL-4Rα Human US, 2017

Immunology Guselkumab TREMFYA IL-23 p19 Human US, 2017

Immunology Sarilumab Kevzara IL-6R Human Canada, 2017

Immunology Ocrelizumab OCREVUS CD20 Humanized US, 2017

Immunology Benralizumab Fasenra IL-5Rα Humanized US, 2017

Immunology Tildrakizumab Ilumya IL-23 p19 Humanized US, 2018

Immunology Risankizumab Skyrizi IL-23 p19 Humanized Japan, 2019

Immunology Inebilizumab Uplizna CD19 Humanized US, 2020

Immunology Satralizumab Enspryng IL-6R Humanized Canada, 2020

Immunology Tralokinumab Adtralza IL-13 Human EU, 2021

Immunology Teplizumab (Pending) CD3 Humanized In review

Immunology Anifrolumab Saphnelo IFNAR1 Human US, 2021

Immunology Inolimomb (Pending) CD25 Murine In review

Immunology Bimekizumab Bimzelx IL-17A Humanized EU, 2021

Immunology Sutimlimab, Enjaymo C1s Humanized US, 2022

Immunology Ublituximab (Pending) CD20 Chimeric In review

Immunology Tezepelumab Tezepelumab Thymic stromal lymphopoi-
etin

Human US, 2021

Immunology Spesolimab (Pending) IL-36R Humanized In review

Immunology Itolizumab Alzumab CD6 Humanized India, 2013

Immunology Netakimab Efleira IL-17 Humanized Russia, 2019

Immunology Levilimab Ilsira IL-6R Human Russia, 2020

Immunology Olokizumab ARTLEGIA IL-6 Humanized Russia, 2020

Immunology Nemolizumab Mitchga IL-31 receptor alpha Humanized Japan, 2022

Immunology Mirikizumab (Pending) IL-23p19 Humanized In review

Oncology Edrecolomab Panorex EpCAM Murine Germany, 1995

Oncology Rituximab MabThera, Rituxan CD20 Chimeric mouse/human US, 1997

Oncology Trastuzumab Herceptin HER-2 Humanized US, 1998

Oncology Cetuximab Erbitux EGFR Chimeric mouse/human Switzerland, 2003

Oncology Bevacizumab Avastin VEGF Humanized US, 2004

Oncology Panitumumab Vectibix EGFR Human US, 2006
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Table 1 (continued)

Therapeutic Area INNa Drug Code(s)a Target Format First global approval

Oncology Ofatumumab Arzerra CD20 Human US, 2009

Oncology Ipilimumab Yervoy CTLA-4 Human US, 2011

Oncology Pertuzumab Perjeta HER-2 Humanized US, 2012

Oncology Obinutuzumab Gazyva, Gazyvaro CD20 Humanized US, 2013

Oncology Racotumomab Vaxira GM3 Murine Cuba, 2013

Oncology Ramucirumab Cyramza VEGFR2 Human US, 2014

Oncology Nivolumab Opdivo PD1 Human US, 2014

Oncology Pembrolizumab Keytruda PD1 Humanized US, 2014

Oncology Alemtuzumab Lemtrada CD52 Humanized US, 2001

Oncology Necitumumab Portrazza EGFR Human US, 2015

Oncology Dinutuximab Unituxin GD2 Chimeric mouse/human US, 2015

Oncology Daratumumab Darzalex CD38 Human US, 2015

Oncology Elotuzumab Empliciti SLAMF7 Humanized US, 2015

Oncology Olaratumab Lartruvo PDGFRα Human US, 2016

Oncology Atezolizumab Tecentriq PD-L1 Humanized US, 2016

Oncology Avelumab Bavencio PD-L1 Human US, 2017

Oncology Durvalumab Durvalumab PD-L1 Human US, 2017

Oncology Mogamulizumab Poteligeo CCR4 Humanized Japan, 2012

Oncology Cemiplimab Libtayo PD-1 Human US, 2018

Oncology Emapalumab Gamifant IFNg Human US, 2018

Oncology Trastuzumab Enhertu HER-2 Humanized US, 2019

Oncology Isatuximab Sarclisa CD38 Chimeric mouse/human US, 2020

Oncology Tafasitamab Monjuvi CD19 Humanized US, 2020

Oncology Dostarlimab Jemerli PD-1 Humanized EU, 2021

Oncology Retifanlimab (Pending) PD-1 Humanized In review

Oncology Toripalimab Tuoyi PD-1 Humanized In review

Oncology Sintilimab Tyvyt PD-1 Human In review

Oncology Penpulimab (Pending) PD-1 Humanized In review

Oncology Tislelizumab (Pending) PD-1 Humanized In review

Oncology Relatlimab Opdualag LAG-3 Human US, 2022

Oncology Tremelimumab (Pending) CTLA-4 Human In review

Oncology Nimotuzumab TheraCIM EGFR Humanized Cuba, 2002

Oncology Camrelizumab AiRuiKa PD-1 Humanized China, 2019

Oncology Inetetamab Cipterbin HER-2 Humanized China, 2020

Oncology Sugemalimab Cejemly® PD-L1 Human China, 2021

Oncology Zimberelimab - PD-1 Human China, 2021

Oncology Prolgolimab Forteca PD-1 Humanized Russia, 2020

Oncology Geptanolimab - PD-1 Humanized Regulatory review in China

Oncology Ripertamab - CD20 Chimeric Regulatory review in China

Oncology Serplulimab - PD-1 Humanized China, 2022

Oncology Socazolimab - PD-L1 Human Regulatory review in China

Infectious Diseases Nebacumab Centoxin Endotoxin Human Germany, 1991

Infectious Diseases Palivizumab Synagis RSV Humanized US, 1998

Infectious Diseases Raxibacumab (Pending) B. anthrasis PA Human US, 2012

Infectious Diseases Obiltoxaximab Anthim B. anthrasis PA Chimeric mouse/human US, 2016

Infectious Diseases Bezlotoxumab Zinplava Clostridium difficile entero-
toxin B

Human US, 2016

Infectious Diseases Ibalizumab Trogarzo CD4 Humanized US, 2018

Infectious diseases Regdanvimab Regkirona SARS-CoV-2 Human Republic of Korea, 2021

Infectious diseases Sotrovimab Xevudy SARS-CoV-2 Human Australia, 2021
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glycoengineered anti-CD20 mAb with single-agent activ-
ity in patients with relapsed chronic lymphocytic leuke-
mia (CLL) [49]. Currently, ublituximab is in review for 
FDA approval, for the treatment of multiple sclerosis 
(MS), relapsing–remitting MS [50], lymphoma, and dif-
fuse large B-cell (DLBCL) [51]. Obexelimab is a chimeric 
mAb that targets the CD19 molecule and simultaneously 
binds the Fcγ receptor IIb (FcγRIIb), the only inhibitory 
Fcγ receptor that is expressed on the surface of B cells 
[52, 53], to treat the autoimmune disease systemic lupus 
erythematosus (SLE) [54]. It has been used in phase II 
clinical trials for the treatment of 104 patients with mod-
erate to severe SLE. Naxitamab [55] (DANYELZA®) is 
a humanized (IgG1) anti-GD2 (hu3F8) mAb that was 
developed for the treatment of neuroblastoma [56], oste-
osarcoma [57] and other GD2-positive cancers [58]. It 
was granted accelerated approval for marketing as treat-
ment drug by the U.S. FDA in 2020 [59]. Isatuximab (Sar-
clisa®) is an anti-CD38 mAb [60] for use in the treatment 
of adults with multiple myeloma (MM) [61, 62].

It is expected that the mAb market will grow at a 
rapid pace in the near future, as there is an adequate 

pipeline of products already available. At present, anti-
body drugs are among the most popular products avail-
able. Among the top 50 drugs based on drug sales in 
2021, 22 are antibody drugs. Among them, the num-
ber one antibody drug is adalimumab (Humira) [63], 
a popular drug developed by AbbVie, with yearly sales 
exceeding $20 billion. It is second only to the Comir-
naty COVID-19 vaccine developed by Pfizer/BioN-
Tech [64–66], with sales reaching an astonishing $59.1 
billion that year. The second-ranked antibody drug is 
pembrolizumab (Keytruda) [67, 68], and a total of $17 
billion in annual sales has been reported. The global 
antibody drug market has maintained a growth rate 
of over 10% for the past eight consecutive years, sur-
passing $200 billion for the first time in 2021. As an 
increasing number of antibody drugs are approved, it is 
expected that the share of antibody drugs will increase. 
Despite this high growth potential, new companies are 
unlikely to lead in research and development (R&D) 
efforts; seven companies currently lead R&D efforts, 
including Roche Holding AG (n = 16), Novartis AG 
(n = 9), AstraZeneca Plc (n = 8), Eli Lilly & Co. (n = 7), 
Sanofi (n = 7), Regeneron Pharmaceuticals, Inc.(n = 7), 

Table 1 (continued)

Therapeutic Area INNa Drug Code(s)a Target Format First global approval

Infectious diseases Nirsevimab (Pending) RSV Human In review

Infectious disease - RabiShield Rabies virus G glycoprotein Human India, 2016

Infectious disease Ormutivimab - Rabies virus surface glyco-
protein 4

Human China, 2022

Hematological Disorders Eculizumab Soliris C5 Humanized US, 2007

Hematological Disorders Ravulizumab Ultomiris C5 Humanized US, 2018

Hematological Disorders Crizanlizumab Adakveo CD62 (aka P-selectin) Humanized US, 2019

Hematological Disorders Narsoplimab (Pending) MASP-2 Human In review

Neurological disorders Erenumab Aimovig CGRP receptor Human US, 2018

Neurological disorders Galcanezumab Emgality CGRP Humanized US, 2018

Neurological disorders Fremanezumab Ajovy CGRP Humanized US, 2018

Neurological disorders Eptinezumab VYEPTI CGRP Humanized US, 2020

Neurological disorders Aducanumab ADUHELM Amyloid beta Human US, 2021

Neurological disorders Lecanemab (Pending) Amyloid beta protofibrils Humanized In review

Neurological disorders Donanemab (Pending) Amyloid beta, N3pG Humanized In review

Genetic Diseases Canakinumab Ilaris IL-1β Human US, 2009

Genetic Diseases Burosumab Crysvita FGF23 Human EU, 2018

Genetic Diseases Lanadelumab Takhzyro Plasma kallikrelin Human US, 2018

Genetic Diseases Evinacumab Evkeeza Angiopoietin-like 3 Human US, 2021

Musculoskeletal Disorders Denosumab Prolia RANK-L Human EU, 2010

Musculoskeletal Disorders Romosozumab Evenity Sclerostin Humanized Japan, 2019

Other Evolocumab Repatha PCSK9 Human EU, 2015

Other Alirocumab Praluent PCSK9 Human US, 2015

Other Teprotumumab Tepezza IGF-1R Human US, 2020
a Some antibodies have not been found INN (International Non-Proprietary Name) or Drug Code
b Table data based on publicly available antibody society (www. antib odyso ciety. org/ antib ody- thera peuti cs- produ ct- data/.)

http://www.antibodysociety.org/antibody-therapeutics-product-data/
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GSK Plc (n = 7), Amgen, Inc. (n = 6), and Bristol Myers 
Squibb Co. (n = 4), with other companies comprising 
the remainder (Fig. 3b).

Monoclonal antibodies currently in late‑stage clinical trials
According to the Antibody Society, as of May 1, 2022, 
there were over thousands of antibody drugs in clinical 
trials worldwide. Of these studies, about 90% of these 
studies are early-stage assessments of safety and pre-
liminary efficacy in patient populations (Phase I, I/II, 
or Phase II). Of these, 145 therapeutic antibodies are in 
late-stage clinical trials, including 98 monoclonal anti-
bodies (Supplementary Table  1). No single therapeutic 
area dominated the trials for these antibodies, but can-
cer accounted for 46.81% of them (Fig. 1b). The data col-
lected from completed and ongoing clinical trials were 
obtained through ClinicalTrials.gov. It was discussed in 
the last update regarding the clinical evidence supporting 
the efficacy of monoclonal antibodies.

TIGIT inhibitor tiragolumab may be effective in 
treating solid tumors when combined with the PD-L1 

inhibitor atezolizumab. Multiple solid malignancies-
most notably non-small cell lung cancer-had statis-
tically significant responses in phase I and II trials of 
the agent [69]. A comparison of tigolumab plus atezoli-
zumab against placebo plus atezolizumab in patients 
with chemotherapy-naive, PD-L1-positive, recurrent 
or metastatic NSCLC demonstrated a clinically mean-
ingful improvement in objective response rate and 
progression-free survival [70]. SKYSCRAPER-07 will 
determine if tiragolumab plus atezolizumab combina-
tion therapy provides superior clinical benefit to ate-
zolizumab monotherapy or placebo in patients with 
unresectable esophageal squamous cell carcinoma 
(NCT04543617) [71]. The humanized mAb TQB2450 
is a novel anti-PD-L1 antibody that has shown promis-
ing results in combination with anlotinib for the treat-
ment of multiple cancers. In patients with localized or 
metastatic soft-tissue sarcomas, TQB2450 was shown 
to be effective and safe when combined with anlo-
tinib in a Phase II trial [72]. TQB2450 plus anlotinib 
provides promising anti-cancer activity while causing 

Fig. 3 Histogram of the number of mAbs for the top ten targets and R&D companies. a The top ten targets of mAbs approved to market for use 
from 2021. Data were collected from January 1, 2021, to August 1, 2022. b The top ten institutions and the distribution of their drug R&D stages. 
R&D, research and development. Figure based on data publicly available as of August 1, 2022, and available at https:// pharm snap. zhihu iya. com/

https://pharmsnap.zhihuiya.com/
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manageable toxic effects in patients with platinum-
resistant and -refractory ovarian cancer [73] and pre-
treated advanced biliary tract cancer [74]. The findings 
are being further validated in a phase III randomized 
controlled trial (NCT04236362). It has been developed 
as a monoclonal antibody of high affinity against human 
neonatal Fc receptors (FcRn) to reduce pathogenic IgG 
in diseases caused by autoimmune and alloimmune 
responses. It may provide clinical benefit in patients 
with generalized myasthenia gravis (NCT03971422) 
and immune thrombocytopenia (NCT02718716) were 
generally well tolerated [75, 76]. As an effective treat-
ment for adult patients with moderate to severe atopic 
dermatitis, lebrikizumab, a novel monoclonal anti-
body targeting IL-13, was demonstrated to be safe 
and effective with rapid, dose-dependent efficacy [77] 
(NCT03443024).

Antibody–drug conjugates (ADCs)
Currently, in addition to mAb, ADC is one of the fast-
est-growing type segments of antibody drugs. To date, 
of the 165 antibody creations that have been approved 
for use or are under review globally, approved ADCs 
account for 13 (Table 2), and antibody-conjugated radi-
oactive elements and immunotoxins each account for 
2. Overall, there are a total of 23 antibody conjugates 
of various types, accounting for approximately 14% of 
the total. Given the rapid development of this field, it 
is believed that the proportion of these drugs that are 
approved will increase in the future.

An ADC is made up of three main components: a 
mAb, a cytotoxic payload, and an appropriate linker. 
Monoclonal antibodies are used as “missiles” to tar-
get the surface of tumor cells with antigen-specific 

Table 2 ADCs first approved or in late-stage clinical trials in  oncologyb

a Some antibodies have not been found INN (International Non-Proprietary Name)
b Table data based on publicly available The Antibody Society (www. antib odyso ciety. org/ antib ody- thera peuti cs- produ ct- data/.) and ClinicalTrials.gov (https:// clini 
caltr ials. gov/)
c NCT number: ClinicalTrials.gov identifier

INNa Drug Code(s) Target Payload First global approval or in late‑stage 
clinical  trialsc

Brentuximab vedotin Adcetris CD30 MMAE US, 2011

Ado-trastuzumab emtansine Kadcyla HER-2 DM1 US, 2012

Inotuzumab ozogamicin BESPONSA CD22 Calicheamicin US, 2017

Gemtuzumab ozogamicin Mylotarg CD33 Calicheamicin US, 2000

Polatuzumab vedotin Polivy CD79β MMAE US, 2019

Enfortumab vedotin Padcev Nectin-4 MMAE US, 2019

[fam-]trastuzumab deruxtecan Enhertu HER-2 DXd US, 2019

Sacituzumab govitecan TRODELVY TROP-2 SN38 US, 2020

Belantamab mafodotin BLENREP BCMA MMAF US, 2020

Loncastuximab tesirine Zynlonta CD19 PBD dimer SG3199 US, 2021

Tisotumab vedotin TIVDAK Tissue factor MMAE US, 2021

Mirvetuximab soravtansine (Pending) Folate receptor alpha DM4 In review

Disitamab vedotin Aidixi HER-2 MMAE China, 2021

Zilovertamab vedotin MK-2140 ROR1 MMAE Phase II/III (NCT05139017)

Upifitamab rilsodotin XMT-1536 NaPi2b Auristatin F-hydroxypropylamide Phase III (NCT05329545)

Tusamitamab ravtansine SAR408701 CEACAM5 DM4 Phase III (NCT04154956)

Telisotuzumab vedotin ABBV-399 cMet MMAE Phase III (NCT04928846)

Patritumab deruxtecan U3-1402 HER3 DXd/DX-8951 Phase III (NCT05338970)

Datopotamab deruxtecan DS-1062 TROP-2 deruxtecan DX-8951 Phase III (NCT04656652; NCT05555732; 
NCT05104866)

Camidanlumab tesirine ADCT-301 CD25 pyrrolobenzodiazepine dimer SG3249 Phase II (pivotal) (NCT04052997)

- ARX788 HER2 Amberstatin 269 (Auroxime) Phase II (pivotal), Phase II/III, Phase III 
(NCT04829604, ACE-Breast-02 (China)) 
(ACE-Gastric-02 (China))

- SKB264 Trop-2 Belotecan-derived payload Phase III pending (NCT05347134)

Pivekimab sunirine IMGN632 CD123 DGN549 IGN Phase II (pivotal) (NCT03386513)

Trastuzumab rezetecan SHR-A1811 HER2 Rezetecan Phase III (NCT05424835)

Vobramitamab duocarmazine MGC018 B7-H3 Duocarmycin Phase II/III pending (NCT05551117)

http://www.antibodysociety.org/antibody-therapeutics-product-data/
https://clinicaltrials.gov/
https://clinicaltrials.gov/
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expression, and then through receptor-mediated endo-
cytosis, cytotoxic small-molecule drugs are released 
into cells, killing tumor cells [78]. The “missiles” capac-
ity of antibodies is dependent on two factors: target 
cell surface antigen expression level and the degree of 
internalization of the target antigen after binding to the 
ADC. The physicochemical properties of toxins directly 
affect the killing ability of ADCs on target cells. The 
early antitumor agents that were linked to mAbs were 
methotrexate, vinblastine, and doxorubicin [79]. Gen-
erally, ADC payloads can be divided into two major 
categories: (1) the tubulin polymerization inhibitors 
(maytansinoid and auristatin) [80], including a deriva-
tive of maytansine 1 (DM1) [81], monomethyl aurista-
tin E (MMAE) [82], and monomethyl auristatin F 
(MMAF) [83]. Among them, MMAE is the most mature 
in the application. (2) DNA-damaging agents (includ-
ing calicheamicin [84], SN-38 [85], DXd [86], and PBD 
[87]). DNA topoisomerase Ӏ inhibitors (represented by 
DXd) are the most promising. Other small-molecule 
payloads, such as Pseudomonas exotoxin A (PE38) [88] 
and RNA polymerase II inhibitor (α‐amanitin) are also 
under investigation [89, 90].

The FDA approved the first ADC drug, a conjugate 
of an anti-CD33 monoclonal antibody and calicheam-
icin, Gemtuzumab ozogamicin (GO), for the treatment 
of patients aged > 60  years with relapsed CD33-positive 
acute myeloid leukemia (AML) in 2000 [91–93]. Post-
market clinical trials with GO failed to demonstrate 
improvements in response rate (RR), overall survival 
(OS), or disease-free survival; instead, treatment-related 
mortality increased [94]. On September 17, 2017, the 
FDA approved the use of GO for patients newly diag-
nosed with CD33-positive acute lymphoblastic leukemia 
(ALL) and those who had relapsed or refractory CD33-
positive AML based on results from three clinical trials 
(ALFA-0701 [95], AML-19 [96], and MyloFrance-1 [97]). 
Brentuximab vedotin is an anti-CD30 ADC conjugated 
with MMAE via a protease-cleavable dipeptide linker 
[98]. The FDA approved it for use in the treatment of 
anaplastic large cell lymphoma (ALCL) and relapsed or 
refractory Hodgkin’s lymphoma (HL) in 2011 [99–101]. 
Trastuzumab emtansine (T-DM1), an anti-HER-2 ADC 
drug comprising trastuzumab linked to the tubulin 
polymerization inhibitor DM1, was the first ADC used 
for solid tumors. The FDA approved it for use in the treat-
ment of HER-2-positive metastatic breast cancer (mBC) 
in 2013, as a second-line drug [102–104]. Inotuzumab 
ozogamicin, comprising a humanized anti-CD22 IgG4 
antibody with calicheamicin [105], was also approved for 
use by the FDA in 2017 for the treatment of relapsed or 
refractory B-cell precursor ALL [106, 107]. Polatuzumab 
vedotin (Polivy) is an ADC drug covalently conjugated 

a monoclonal anti-CD79 β antibody to MMAE. In June 
2019, the US FDA granted accelerated approval for the 
use of polatuzumab vedotin, in combination with benda-
mustine plus rituximab, for the treatment of adults with 
relapsed/refractory DLBCL [108]. Enfortumab vedotin-
ejfv (EV) was the first approved biologic that specifically 
targets Nectin-4 as a directed antibody to deliver cyto-
toxic MMAE-conjugated payload [109] and previously 
for treating advanced urothelial carcinoma [110].

Currently, the development of a new drug linker system 
focusing on different types of drugs has been progress-
ing in many clinical trials. DS-8201a, an HER-2-tar-
geting ADC drug, showed potent antitumor activity, 
structurally comprising a humanized anti-HER-2 mono-
clonal antibody, and a novel cytotoxic small molecule 
drug topoisomerase I inhibitor (Dxd) [111–113]. It is 
being developed for the treatment of HER-2-expressing 
solid tumors, including non-small cell lung cancer [114], 
breast cancer [115], gastric cancer [116], and colorec-
tal cancer [117]. It has been under accelerated approval 
for the treatment of adult patients with unresectable or 
metastatic HER-2-positive breast cancer in 2020 [118]. 
Immunomedics is developing the Trop-2-directed anti-
body sacituzumab govitecan (Trodelvy) due to its abil-
ity to inhibit topoisomerase I, which makes it a potential 
treatment for breast cancer. A new accelerated approval 
was granted by the FDA in April 2020 for the treatment 
of adult patients with metastatic triple-negative breast 
cancer (mTNBC) who have had at least two previous 
treatments [119–121]. Belantamab mafodotin is an ADC 
targeting BCMA that was developed for the treatment 
of relapsed or refractory multiple myeloma by GlaxoS-
mithKline [122] in the USA and European Union (EU) 
in August 2020, as a first-in-class drug [123]. Loncas-
tuximab tesirine, is an ADC drug developed for the treat-
ment of B-cell lymphomas targeting CD19. Mantle-cell 
lymphoma, follicular lymphoma, and acute lymphoblas-
tic leukemia are also being developed treatments. It is 
currently approved for the treatment of relapsed/refrac-
tory DLBCL in the US [124, 125]. On September 20, 
2021, the FDA granted accelerated approval for the use 
of tisotumab vedotin (Tivdak) for the treatment of adult 
patients with recurrent or metastatic cervical cancer who 
experienced disease progression during or after chemo-
therapy [126].

Bispecific antibodies (BsAbs)
Another current hot spot in the field of antibody drugs 
is the development of bispecific or multispecific anti-
bodies. As of July 1, 2022, a total of 9 bispecific antibod-
ies were approved for treatment of diseases (Table  3). 
The bispecific antibody (BsAb) is a molecule designed 
to recognize two different antigens or two different 
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binding epitopes for the same antigen. There are many 
types of BsAbs, including both tiny proteins with only 
two antigen-binding fragments and large molecules 
resembling IgG with additional domains [127]. Com-
pared with traditional antibodies, bispecific antibodies 
have an additional specific antigen binding site, so they 
are more specific, more accurate in targeting tumor 
cells, and reduce off-target toxicity. BsAbs have the 
special function of connecting bridges between cells or 
proteins, which can recruit more immune cells to tar-
get tumor cells or inhibit multiple cross-linking of dis-
ease targets. They can also conjugate cytotoxic payload, 

as bsAb-drug conjugates, for better therapeutic effect 
[128].

There are two major formats of BsAbs: IgG-like for-
mats (e.g., catumaxomab), and non-IgG-like formats 
(e.g., blinatumomab). The IgG-like BsAbs formats bring 
about Fc domain-mediated functions, such as ADCC, 
CDC, and ADCP. The IgG-like BsAbs formats also pre-
serve the physical property of the Fc domain, improve 
molecular stability and prolong half-life, and maintain 
serum stability. However, non-IgG-like formats such 
as bispecific T-cell engagers (BiTEs) lack the entire Fc 
region. BiTEs composed of two distinct single-chain 

Table 3 BsAbs first approved or in late-stage clinical  trialsb

a Some antibodies have not been found INN (International Non-Proprietary Name) or Drug Code
b Table data based on publicly available The Antibody Society (www. antib odyso ciety. org/ antib ody- thera peuti cs- produ ct- data/.) and ClinicalTrials.gov (https:// clini 
caltr ials. gov/)
c NCT number: ClinicalTrials.gov identifier

Therapeutic Area INNa Drug Code(s)a Target First global approval or in late‑stage clinical 
 trialsc

Oncology Catumaxomab Removab EPCAM, CD3 EU, 2009

Oncology Blinatumomab Blincyto CD19, CD3 US, 2014

Oncology Amivantamab RYBREVANT EGFR, cMET US, 2021

Oncology Teclistamab (Pending) BCMA, CD3 In review

Oncology Mosunetuzumab Lunsumio CD20, CD3 EU, 2022

Oncology Cadonilimab - PD-1, CTLA4 China, 2022

Oncology Zanidatamab ZW25 HER2, HER2 (biparatopic) Phase II (pivotal) and Phase III (NCT04466891) 
(NCT05152147)

Oncology Tebotelimab MGD013 PD-1, LAG-3 Phase II/III (NCT04082364)

Oncology Talquetamab JNJ-64407564 GPCR5D, CD3 Phase II (pivotal), Phase III pending (NCT04634552; 
NCT05455320)

Oncology Retlirafusp alfa SHR-1701 PD-L1, TGF-β Phase II/III; Phase III
(NCT04856787; NCT04950322; NCT05132413)

Oncology Odronextamab REGN1979 CD20, CD3 Phase II (potentially pivotal) (NCT03888105)

Oncology Navicixizumab OMP-305B83 DLL4, VEGF Phase III pending
(NCT05043402)

Oncology Linvoseltamab REGN5458 BCMA, CD3 Phase II (potentially pivotal) (NCT03761108)

Oncology Izalontamab SI-B001 EGFR, HER3 Phase II/III (NCT05020457; NCT05020769)

Oncology Ivonescimab AK112 PD-1, VEGF Phase III (NCT05184712)

Oncology Erfonrilimab KN046 PD-L1, CTLA4 Phase III (NCT04474119; NCT05001724)

Oncology Epcoritamab GEN3013 CD20, CD3 Phase III (NCT04628494)

Oncology Elranatamab PF-06863135 BCMA, CD3 Phase III (NCT05020236)

Oncology Bintrafusp alfa M7824, MSB0011359C PD-L1, TGFβ Phase II/III and Phase III
(NCT04066491; NCT03631706)

Oncology Anbenitamab KN026 HER2, HER2 (biparatopic) Phase II (pivotal); Phase II/III pending 
(NCT04521179; NCT04165993; NCT03925974)

Oncology - AFM13 CD30, CD16A Phase II (pivotal) (NCT04101331)

Oncology - CTX-009, ES104, ABL001 VEGF-A, DLL4 Phase II/III pending
(NCT05506943)

Hematological Disorders Emicizumab Hemlibra Factor Ixa, X US, 2017

Ophthalmology Faricimab Vabysmo VEGF-A, Ang-2 US, 2022

Neuromuscular disorders Gefurulimab ALXN1720 Complement 5, albumin Phase III pending (NCT05556096)

Cardiovascular/ hemostasis - NNC0365-3769 FIXa, FX Phase III (NCT05053139)

http://www.antibodysociety.org/antibody-therapeutics-product-data/
https://clinicaltrials.gov/
https://clinicaltrials.gov/
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variable fragments (scFvs) covalently linking CD3 and 
tumor-associated antigens (TAAs) via small linker pep-
tides are small (~ 55 kDa) and highly flexible, also have 
pharmacokinetic implications that may avoid toxicity 
associated with Fc receptor-mediated effector func-
tions, but has a short half-life [129].

The early therapeutic BsAbs were BiTEs, and T-cell 
activation was first determined in the mid-1980s [130, 
131]. BiTE antibody constructs enable the simultane-
ous binding of CD3ζ within the TCR complex to cell-
surface TAAs for MHC-independent TAA targeting 
specifically to kill the tumor cells [132]. In 2014, bli-
natumomab, a BiTE targeting CD3/CD19, was first 
approved for the treatment of hematological complete 
remission patients with B-cell acute lymphoblastic leu-
kemia (B-ALL) [133, 134]. Catumaxomab (Removab) 
was approved initially as a T-cell-engaging trifunctional 
BsAb for the treatment of malignant ascites in 2009. 
It targets epithelial cell adhesion molecule (EpCAM), 
which is widely expressed by abdominal tumors, and 
its other Fab arm recognizes a specific CD3 molecu-
lar target on T cells and binds to CD32A by utilizing 
an engineered Fc arm [135]. However, in 2013, it was 
spontaneously taken off the market for commercial rea-
sons. Currently, catumaxomab is being conducted for 
treating patients with peritoneal metastatic gastric can-
cer in a phase III clinical trial in China (NCT04222114). 
Tebentafusp-tebn (Kimmtrak), is a bispecific gp100/
CD3 T-cell redirection for the treatment of metastatic 
uveal melanoma using bentafusp [136, 137].

A developing number of BsAbs have been used to 
treat cancer target immune checkpoint molecules or 
oncogenic signaling pathways and cytokines, or tumor-
associated antigens have been approved for use or 
are in late-phase clinical trial development. Erfonrili-
mab (PD-L1/CTLA-4 BsAb) and cadonilimab (PD-1/
CTLA-4 BsAb) are both in late-phase clinical trial in 
China. There is ongoing research with Erfonrilimab 
in the KN046 trials for the treatment of metastatic 
NSCLC and advanced pancreatic ductal adenocarci-
noma [138, 139]; aside from that, it has also been des-
ignated an orphan drug (ODD) for treating thymic 
epithelial tumors by the FDA. Clinical trials are being 
conducted for cadonilimab treatment of gastric and 
gastroesophageal junction adenocarcinomas, as well 
as cervical cancer [140, 141], and have been granted 
fast-track designation and ODD by the FDA in China 
[142]. PD1/VEGF-A BsAbs, ivonescimab, are also being 
evaluated for making use of chemotherapy to treat 
EGFR + metastatic NSCLC patients who failed treat-
ments with EGFR inhibitors in a phase III trial [143]. 
Tebotelimab, a dual affinity retargeting molecule tar-
geting PD-1 and LAG-3, combines with margetuximab 

and chemotherapy to treat HER-2+ gastric/GOJ cancer 
[144, 145].

Emicizumab-kxwh (Hemlibra) is a bispecific human-
ized anti-factor IXa/factor X monoclonal antibody with 
an Fc region [146]. Its mechanism involves imitating 
the functions of coagulation factor VIII; after combin-
ing with coagulation factors IXa and X, it promotes the 
degradation of factor X into factor Xa and releases fac-
tor Xa so that the coagulation cascade can be carried 
out and completed in patients with hemophilia A [147, 
148]. Amivantamab-vmjm (Rybrevant), targeting EGFR 
and the mesenchymal-epithelial transition factor (c-Met) 
mutant signaling pathway, was first approved for the 
treatment of NSCLC on 21 May 2021 in the USA [149, 
150]. Faricimab-svoa (Vabysmo), both targeting VEGF-
A and angiopoietin-2 (Ang-2), is being developed for use 
in the treatment of retinal vascular diseases in experi-
ments that began in January 2022 by Roche/Genentech 
[151]. Navicixizumab simultaneously inhibits the activity 
of VEGF and DLL4, which are involved in proangiogenic 
Notch signaling, and has received fast-track designa-
tion from the FDA for the treatment of platinum-resist-
ant ovarian cancer [152, 153]. SI-B001, targeting EGFR 
and HER-3, has been reported to treat patients with 
malignancies that are dependent on EGFR and HER-3 
heterodimerizerization and that activate downstream 
oncogenic AKT signaling [154, 155]. Zanidatamab is an 
HER-2/HER-2 bsAb of two nonoverlapping antigen-
binding epitopes. An ongoing phase III trial is testing the 
combination of zanidatamab with chemotherapy with or 
without tislelizumab. The trial is testing both treatments 
for cancers that are HER-2 positive as well as cancers of 
the gastric/gastroesophageal junction [156] (Fig. 4).

Antibody fragments (Fab, scFv, VHH) and analogs
In addition to whole antibodies, researchers also use anti-
body fragments [157], such as Fab [158, 159], scFv [160], 
and VHH [161], during drug development. As of July 1, 
2022, a total of 11 antibody fragments were approved for 
treatment of diseases (Supplementary Table  2). ScFv is 
a molecule composed of the VH and VL of an antibody 
under the link of a peptide chain. Additionally, accord-
ing to the binding and structural characteristics of the 
antigen, different antibody analogs have been developed, 
such as Anticalin [162, 163], Centyrin [164], designed 
ankyrin repeat proteins (DARPins) [165], Affibody [166] 
and Knottin [167]. Centyrins (~ 10  kDa), based on the 
type-III fibronectin (Fn3) domain of tenascin C scaf-
folds with multiple loops, is similar to the CDR regions 
of IgGs and impart target specificity [168]. DARPins 
include b-turns followed by two antiparallel α-helices 
based on ankyrin repeats [169]. Since they are robust and 
extremely stable, they can be developed into a multitude 
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of more advanced formats and applications than anti-
bodies and exhibit the same specificities and affinities as 
antibodies [170]. Affibody is derived from Staphylococ-
cus protein-A Z-domains [171], and are small (~ 7 kDa), 
3-helix bundle proteins that contain no cysteine pro-
teins [172]. The affibody ABY-025 was engineered to 
bind HER-2 with low picomolar affinity via phage display 
and affinity maturation [173, 174]. Then ABY-025 was 
subsequently optimized the scaffold region to provide 
improved hydrophilicity and thermal and chemical sta-
bility [175]. Knottins are small (~ 3–6  kDa) with 30–50 
amino acid residues in length and exhibit excellent bio-
logical, chemical, and thermal stability [176–178]; they 
are the most prominent antibodies and their analogs cur-
rently available for research. Unlike whole antibodies, 
antibody fragments or antibody analogs have the advan-
tages of a small molecular weight, intense penetration, 
and low production cost. As a result, they have gained 
increasing popularity in therapeutic antibody fields. In 
particular, VHH, a single-domain antibody fragment, also 
known as a nanobody, has been isolated from immunized 
camelids [179, 180]. At present, VHH is the most popular 

antibody fragment in research and development, and it is 
also the variety that has been approved for use or entered 
the clinic. Caplacizumab (Cablivi) [181], a human-
ized VHH targeting Von Willebrand factor, was first 
approved an EUA for the treatment of acquired throm-
botic thrombocytopenic purpura (aTTP) in conjunction 
with plasma exchange and immunosuppression in the EU 
in 2018, and then was approved by the US FDA in 2019 
[182]. It is undergoing priority review for the treatment 
of patients aged ≥ 18  years experiencing an episode of 
aTTP in the USA [183, 184]. Envafolimab (KN035) devel-
oped by Corning Jereh, was created by the fusion of the 
anti-PD-L1 nanobody with the Fc fragment of a human 
IgG1 antibody [185, 186]. It was approved for the treat-
ment of adult patients with deficient mismatch repair 
(dMMR) or previously treated microsatellite instability-
high (MSI-H) advanced solid tumors in China [187, 188]. 
In addition, many Chinese and foreign teams are devel-
oping many new inhaled drug products of VHH antibod-
ies for the treatment and prevention of SARS-CoV-2. On 
February 28, 2022, the U.S. FDA approved ciltacabtagene 
autoleucel (CARVYKTI) for the treatment of adults with 

Fig. 4 Timeline of historical bispecific antibody developments and first approval for market. This timeline demonstrates key points in the 
development of bispecific antibodies. BiKEs, bispecific killer engagers; DVD-Ig, dual-variable-domain immunoglobulin
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relapsed or refractory multiple myeloma (RRMM) [189–
191] (Fig. 5).

Therapeutic antibodies for COVID‑19 interventions
Currently, a pandemic of unprecedented scale has been 
engulfing the world as a result of COVID-19, which 
caused SARS-CoV-2. COVID-19 requires urgent thera-
peutic and prophylactic interventions. In the absence of 
SARS-CoV-2 vaccines, antiviral monoclonal antibodies 
offer an appealing alternative to neutralizing viruses as 
soon as they can be isolated and fabricated [192]. After 
the monoclonal neutralizing antibody binds to the virus, 
it can promote phagocytosis and elimination of the virus 
by macrophages. Additionally, monoclonal antibodies 
can neutralize infected cells, which promotes phagocy-
tosis by macrophages, activates antibodies, and comple-
ment-dependent apoptosis, to accelerate the clearance of 
infected cells.

As the COVID-19 pandemic began in early 2020, 
there are more than a hundred antibody therapeu-
tics had already been granted approval or emergency 

use authorization (EUA) or were in clinical studies for 
COVID-19 interventions, or such authorizations had 
been requested [193]. As a result of the rapid increase in 
this number in less than two years, we chose the COVID-
19 disease as a representative for analyzing therapeutic 
antibodies against it. We list therapeutic mAbs which 
have been granted approval or EUA or in late-stage clini-
cal trials for COVID-19 (Table 4).

Antibodies against SARS-CoV-2 have been author-
ized for emergency use in several countries. For exam-
ple, bebtelovimab, a fully human IgG1 mAb targeting 
the receptor binding domain (RBD), has been assessed 
for use during the ongoing pandemic [202]. It has 
been granted an FDA EUA for the treatment of mild 
to moderate COVID-19 in patients with intravenous 
(IV) [194]. A European Union Authorization for Omi-
cron subvariants was authorized by FDA on February 
11, 2022. Romlusevimab (BRII-198), a human IgG1 
antibody developed by Brii Biosciences that targets dis-
tinct epitopes of the SARS-CoV-2 spike protein, was 
first approved for use on December 8, 2021, in China. 

Fig. 5 Schematic overview of mAb, ADC, BsAb, and antibody fragments (Fab, scFv, VHH). a Antibody humanization from the murine antibody 
(green domain) to human antibody (orange domain) and associated suffixes. The chimeric mAb: the variable region is of murine origin, and the rest 
of the chain is of human origin. Humanized mAb: only includes the hypervariable segment of murine origin. CH: domains of the constant region of 
the heavy chain; CL: constant domain of the light chain; VH: variable domain of the heavy chain; VL: variable domain of the light chain. b Original 
antibody includes variable regions, also called VH and VL (red domain), and the constant region (blue domain). ADC comprises a mAb connected 
to a cytotoxic payload via an appropriate linker. BsAb consists of two linked antigen-binding fragments (red and gray domains) with two major 
formats: IgG-like BsAb and non-IgG-like BsAb; Fab consists of the light chain (VL + CL) and the domains of the heavy chain (VH and CH1). scFv is 
composed of the VH and VL joined by a short flexible polypeptide linker. VHH only contains one heavy chain variable region
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AZD7442 (cilgavimab + tixagevimab), which was first 
isolated from convalescent patients after SARS-CoV-2 
infection, a combination of two humans have been 
reported that AZD7442 could neutralize SARS-CoV-2 
variants, including Alpha (B.1.1.7), Beta (B.1.351), 

Gamma (P.1), Delta (B.1617, AY.1, AY.2, AY.3), or Iota 
(B.1526) in vitro [203].

It is worth noting that full approval has also been 
requested or has already been granted for the use of 
sotrovimab in Australia, but its EUA for treatment of 

Table 4 MAbs first approved or in late-stage clinical trials for COVID-19b

a Some antibodies have not been found INN (International Non-Proprietary Name) or Drug Code
b Table data based on publicly available The Antibody Society (www. antib odyso ciety. org/ antib ody- thera peuti cs- produ ct- data/.) and ClinicalTrials.gov (https:// clini 
caltr ials. gov/)
c NCT number: ClinicalTrials.gov identifier

INN, code or Drug Code(s)a Target First global approval or 
in late‑stage clinic trials

COVID‑19 indication(s)c

Bebtelovimab, LY-3853113, LY-CoV 1404 SARS-CoV-2 US, 2022 IV treatment of mild to moderate COVID-19 [194]

Romlusevimab, BRII-198 SARS-CoV-2 China, 2021 Treatment for adults hospitalised with COVID-19 [195]

Cilgavimab/Tixagevimab, Evusheld, AZD-7442 SARS-CoV-2 US, 2021 Pre-exposure prophylaxis of COVID-19 [196]

Regdanvimab, Regkirona SARS-CoV-2 Republic of Korea, 2021 Mild symptoms of COVID-19 in adult patients [197]

Sotrovimab, XEVUDY SARS-CoV-2 Australia, 2021 Mild-to-moderate COVID-19 [198]

Casirivimab/Imdevimab, REGEN-COV2 SARS-CoV-2 Japan, 2021 Treatment and prevention of COVID-19 [199]

Levilimab IL6RA Russia, 2020 Treatment for severe COVID-19 pneumonia [200]

Tocilizumab, Ilsira IL6RA Japan, 2021 Mechanically ventilated patients with COVID-19 [201]

Lananelumab KLKB1 Phase III Treatment for hospitalized with COVID-19 (NCT04590586)

Canakinumab TNFα Phase III COVID-19 pneumonia patients (NCT04348448)

Adalimumab TNFα Phase III mild-moderate COVID-19
(NCT04705844)

Leronlimab CCR5 Phase III COVID-19 pneumonia
(NCT04901676)

Lenzilumab, KB-003 CSF2 Phase III COVID-19 pneumonia
(NCT04351152)

Olokizumab IL-6 Phase III COVID-19 pneumonia
(NCT05187793)

TY-027 SARS-CoV-2 Phase III Acutely infected COVID-19 patients (NCT04649515)

Bamlanivimab,
LY CoV 555

SARS-CoV-2 Phase III Mild or Moderate COVID-19
(NCT05205759)

Lomtegovimab,
BI-00767551

SARS-CoV-2 Phase II/III mild to moderate COVID-19
(NCT04822701)

Vilobelimab,
CaCP-29

C5 Phase II/III Severe COVID-19 pneumonia
(NCT04333420)

CT-P63 SARS-CoV-2 Phase III COVID-19 pneumonia
(NCT05224856)

Upanovimab,
SCTA-01

SARS-CoV-2 Phase II/III Hospitalized patients with severe COVID-19 (NCT04644185)

INM005 SARS-CoV-2 Phase III Moderate to severe COVID-19
(NCT04494984)

Pamrevlumab,
FG-3019

CCN2 Phase III COVID-19 pneumonia
(NCT05262309)

CPI-006 NT5E Phase III mild to moderately symptomatic hospitalized Covid-19
(NCT04734873)

MAD-0004J08 SARS-CoV-2 Phase II/III Asymptomatic to moderately severe COVID-19 
(NCT04952805)

Plonmarlimab GM-CSF2 Phase III Severe COVID-19 (NCT04341116)

Adintrevimab (ADG20) SARS-CoV-2 Phase II/III Prevention of COVID-19
(NCT04859517)

XAV-19 SARS-CoV-2 Phase II/III moderate-to-severe COVID-19
(NCT04928430)

http://www.antibodysociety.org/antibody-therapeutics-product-data/
https://clinicaltrials.gov/
https://clinicaltrials.gov/
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COVID-19 was revoked by FDA on April 5, 2022, due 
to it is no longer authorized to treat COVID-19 in any 
U.S. region caused by the Omicron BA.2 sub-variant 
[204]. The first SARS-CoV-2-specific mAb to be used for 
COVID-19 therapy began on May 28, 2020, when bam-
lanivimab was started in a clinical trial on hospitalized 
COVID-19 patients. November 9, 2020, the FDA granted 
a EUA for bamlanivimab to be administered as a single 
infusion to adults and children with mild to moderate 
COVID-19. Due to the E484 mutation, however, it does 
not provide protection against Beta (B.1.351), Gamma 
(P.1), Delta (B.1617, AY.1, AY.2, AY.3) variants [205–208]. 
Based on emerging data, bamlanivimab alone is not 
effective against common variants of SARS-CoV-2, so the 
FDA revoked bamlanivimab’s EUA on April 9, 2021. The 
FDA issued an emergency use authorization for bam-
lanivimab and etesevimab, both unapproved products, 
for treating mild to moderate COVID-19 in adults and 
pediatric patients, including neonates, who have a posi-
tive SARS-CoV-2 viral test and who are at high risk of 
developing severe COVID-19, including hospitalization 
or death. However, Focosi D, et  al. report simultaneous 
resistance to bamlanivimab and etesevimab via in  vivo 
selection of a SARS-CoV-2 spike mutation (Q493R) 
[209]. After receiving its first approval in Japan in July 
2021 for the treatment of mild to moderate COVID-19 
in July 2021, REGEN-COV (casirivimab/imdevimab) 
received conditional approval in the UK in August 2021 
[199, 210, 211]. It was announced by the FDA on Janu-
ary 24, 2022, that two monoclonal antibodies, REGEN-
COV and bamlanivimab and etesevimab (administered 
together), could only be used when a patient has been 
exposed to or infected with a variant that is susceptible to 
these therapies [212, 213]. Differently from casirivimab/
imdevimab and sotrovimab, the European Medicines 
Agency (EMA) has never recommended authorizing 
the combination bamlanivimab/etesevimab for treat-
ing COVID-19 (NCT05205759). However, it gave EUA 
to tixagevimab/cilgavimab, casirivimab/imdevimab, and 
bamlanivimab/etesevimab when used in combination for 
to prevent SARS-CoV-2 transmission [214].

Engineering discovery strategies for therapeutic 
mAbs
Antibody engineering discovery is the only way to 
develop monoclonal antibody drugs, bispecific antibody 
drugs, ADC drugs, CAR-T, and other cell therapy drugs. 
Various antibody preparation methods, such as antibody 
libraries, humanized mice, single B cells, AI-assisted 
design, and others, have been developed since the inven-
tion of monoclonal antibodies based on hybridoma tech-
nology in 1975. To date, mouse hybridoma technology is 
still the most widely and successfully used approach for 

producing mouse mAbs. Most of the approved thera-
peutic antibodies are derived from hybridoma mice. It 
is theoretically possible to screen and select therapeutic 
antibodies for any target from any organism, thanks to 
the expansion of antibody discovery techniques such as 
phage display antibody library, transgenic animals, and 
human a single B-cell technology (Fig. 6). A transforma-
tional impact on antibody discovery and engineering is 
possible with artificial intelligence and machine learning, 
though it is still largely unrealized.

Hybridoma technology
In 1975, Georges JF. Kohler and Milstein successfully 
manufactured B lymphocyte and myeloma cell fusion 
cells (hybridoma), which can be cultured in vitro. These 
cells can proliferate indefinitely and secrete monoclonal 
antibodies, enabling the application of monoclonal anti-
bodies. Because lymphocytes from different animal spe-
cies can be used to establish myeloma cells for hybridoma 
fusion screening, researchers have been able to routinely 
prepare hybridomas from mice, rats, hamsters, and rab-
bits. However, hybridomas also have obvious disadvan-
tages, such as a cumbersome preparation process and 
a long overall preparation cycle. Additionally, mouse 
immunoglobulin has been found to cause severe host 
immune responses, which define the HAMA response 
[215]. As mice antibodies are immunogenic, they can 
cause rapid clearance, diminished efficacy, and adverse 
reactions during intravenous infusions in humans [216], 
and the symptoms include mild fevers, rashes, and car-
diopulmonary and anaphylactic reactions [217].

Some researchers have observed higher titers in a short 
period and have shortened the immunization cycle by 
improving the adjuvant composition and immune forms. 
Dempsey et  al. found that the complement of C3d can 
act as a molecular adjuvant to bridge innate and acquired 
immunity [218]. A study by Chang, J et al. reported that 
there has been extensive testing of incomplete Freund’s 
adjuvant (IFA) in humans, which demonstrated increased 
antibody production in comparison to other alum adju-
vants, and good tolerance [219]. Subsequent studies in 
BALB/c mice demonstrated that synthetic oligodeoxy-
nucleotides containing immunostimulatory CpG motifs 
(CpG ODNs) were powerful adjuvants to proteins given 
intramuscular injection (IM) or intranasal inhalation (IN) 
[220, 221]. Garg, R. et al. developed a three components 
composition adjuvant platform (TriAdj), namely, a TLR 
agonist, either poly (I:C) or CpG ODNs, and host defense 
peptide or polyphosphazene [222]. The composition 
adjuvant platform has been tested on mice, cotton rats, 
sheep, pigs, and koalas and shows high stability and effec-
tiveness. Common forms of immunization, such as trans-
cutaneous immunization [223], tail vein immunization 
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[224], foot pad immunization [225], and the topical appli-
cation of antigens and adjuvants can safely and effectively 
elicit systemic immune responses in mice against a vari-
ety of antigens. In recent years, different from traditional 
protein immunization, next-generation DNA Immuni-
zation has been shown to be an efficient approach for 
immunogen design [226]. Wang, S. et  al. compared the 
relative immunogenicity of a DNA vaccine administered 

by IM injection, gene gun (GG), or electroporation (EP) 
to produce antibodies, and the results indicated that both 
the GG and EP methods were more immunogenic than 
the IM method [227].

Regarding the HAMA response, Biopharmaceutical 
companies have addressed this problem using homol-
ogy sequence alignment, CDR grafting, and surface 
amino acid modification to generate less immunogenic 

Fig. 6 Technologies for the development of therapeutic antibodies. a Mouse hybridoma technique. Mice are immunized with desired antigens 
to induce high immune titers. Myeloma cells and harvested splenocytes are fused to produce hybridomas that persist in secreting antibodies. 
A chimeric or humanized antibody is then created after the screening has been completed. b Phage display. A library of human antibodies is 
constructed and fused to the gene that encodes the pIII coat protein on the surface of the phage. After binding the target antigen of bio-panning, 
positive phage clones are screened and then DNA sequences are analyzed to construct and express human IgG. c Transgenic mouse. The mice 
are genetically engineered to contain one or more human immunoglobulin loci which are capable of undergoing gene rearrangement and gene 
conversion in the transgenic mice to produce diversified human immunoglobulins. Then the fully human antibody screen approach is similar to the 
mouse hybridoma technique. d The single B-cell technique. From infected or immunization donors, PBMCs are prepared for the isolation of suitable 
B cells by flow cytometry. Following the RT-PCR, VH and VL information of each B cell informs the generation of human mAbs
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antibody molecules. Antibody variable regions are not 
completely variable and can generally be divided into 
relatively conserved FR and truly variable regions (CDR). 
The framework amino acid residues of mouse antibod-
ies were replaced with corresponding human amino acid 
residues in vitro. Only the CDR regions of murine anti-
bodies are grafted to the human antibody framework 
and constant areas, resulting in humanized antibodies. 
Likewise, when selecting humanized antibody framework 
region templates, researchers prefer to use human ger-
mline sequences or consensus sequences as a source of 
templates, rather than selecting those in which the frame 
sequence may have high-frequency somatic mutations 
[228–231]. If certain amino acids in the FR framework 
of a murine antibody are critical for maintaining antigen 
recognition, these residues need to be preserved. On this 
basis, in order to further reduce the potential immuno-
genicity of murine residues on antibody CDR sequences, 
researchers have invented an antibody humanization 
technique called specificity-determining residue (SDR) 
grafting [232]. This method does not require the trans-
plantation of the entire murine CDR into the human 
framework; instead, only the SDR in the CDR sequence 
necessary for antigen-binding activity is transplanted into 
the human framework [233]. By analyzing mutational 
changes in antibody-combining sites, or by evaluating 
antigen–antibody complexes with known structures, 
the SDR can be identified [234]. Thus, the potential 
immunogenicity risk of antibody variable regions is also 
minimized. There are also many online databases and 
software for antibody humanization, which include the 
Tabhu [235], BioPhi [236], Hu-mAb [237] and IMGT 
database [238]. If the affinity of the antibody is greatly 
altered after humanization, it is also necessary to per-
form back mutation to return to the key amino acid sites 
of the mouse antibody sequence. Of the most predomi-
nant antibody types, approximately 50% are humanized 
antibodies.

However, the biggest disadvantage of humanized anti-
body technology is the lack of general methods. Humani-
zation of each molecule requires case analysis, molecular 
modeling, extensive modification, and trial and error. 
In addition, due to the presence of murine sequences, 
the use of humanized monoclonal antibodies can-
not completely prevent the risk of immune rejection or 
hypersensitivity.

Phage display human antibody libraries
As a result of advanced design technologies such as 
human antibody phage display libraries, fully human-
ized antibodies are all encoded by human antibody 
genes, reducing the heterologous protein content of 
mouse-derived antibodies. Phage display technology is 

a very important research method in the field of drug 
discovery. At present, the FDA has approved many 
peptide and antibody drugs derived from this technol-
ogy for the treatment of different diseases, including 
immune thrombocytopenic purpura, hereditary angi-
oedema, uveitis, and rheumatoid arthritis.

Phage display technology was first used in 1985 to 
express cloned antigens on a viral surface [239]. A for-
eign protein, such as an antibody, retains its ability to 
fold properly and bind to antigens while fusing to the 
pIII coat protein gene of phage and displaying on its 
surface [240]. This technology has contributed greatly 
to the development of therapeutic antibodies used in 
clinics and was the first technique developed for anti-
body display screening. Professors George P. Smith and 
Gregory P. Winter won the Nobel Prize in Chemistry 
for their pioneering work on “phage display of peptides 
and antibodies” technology in 2018 [241]. Gradually, it 
has been demonstrated successfully over time to iden-
tify potent, fully human mAbs using these phage-dis-
played antibody libraries [242].

Currently, the commonly used display formats mainly 
involve antibody fragment phage display libraries, 
including the Fab library [243, 244], scFv library [245, 
246], and VHH library [247], etc. It is possible to con-
vert intact IgG antibodies from antibody Fab fragments 
displayed on phage coat proteins with a very small loss 
of binding activity [248, 249]. High-affinity binders can 
be retrieved more efficiently from camelid immune 
VHH libraries. Unlike humans, camelids have only 
heavy chain antibodies in their blood, which lack the 
light chain. According to the gene source from which 
the antibody or antibody fragment is obtained, it can be 
classified into a natural library [240], an immune library 
[11], or a synthetic library [250, 251].

Reverse transcription of PBMCs’ mRNA into cDNA 
produces high-quality cDNA to obtain VH and VL gene 
sequences. Phagemid vectors expressing VH and VL 
PCR products are ligated into the open reading frame 
(ORF) region of the pIII protein gene. E. coli harboring 
a phagemid are infected an M13 helper phage to display 
functional antibody fragments fused to pIII protein. 
The phagemid lacks all other genes that encode bacteri-
ophages except the gene for pIII and the origin replica-
tion. Virus particles must be assembled using wild-type 
coat proteins provided by the helper phage, in order 
to supplement these missing genes [252]. It is called 
“panning” when antibodies are selected in  vitro from 
libraries. It takes several steps to complete the affinity 
enrichment process. In these steps, the target antigen 
is immobilized, phages are bound to the target antigen, 
unbound phages are eliminated, and phages are eluted 
[253–255].
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Human antibodies from transgenic mice
These biological macromolecules have inherent immu-
nogenicity that has influenced the development of rodent 
antibodies as therapeutics. With the advancement of 
gene editing technology, using human antibody trans-
genic mice to produce humanized antibodies is no longer 
a dream. The development of therapeutic antibodies is 
made possible by transgenic animals. There are several 
advantages to producing antibodies from transgenic 
animals over other technologies. These include the lack 
of humanization, the increase in diversity, the ability to 
essentially mature antibodies in  vivo, and the ability 
to optimize antibodies through clonal selection. How-
ever, developing transgenic mouse antibody technol-
ogy proved challenging due to the large size of human 
Ig genes. It is also necessary to express the human vari-
able (V), diversity (D), and joining (J) segments in high 
amounts in transgenic mice. This will enable us to pro-
duce repertoires similar or comparable to those in 
humans [256]. In order to overcome these difficulties, 
researchers have created fully human antibody mice and 
chimeric human antibody mice to express human anti-
body libraries in transgenic animals.

In 1985, transgenic mice were first proposed as a means 
to produce fully human antibodies. Alt et al. suggest that 
unrearranged germline-configuration transgenes could 
be converted into new human sequence mAbs using 
transgenic technology [257]. Even though this approach 
seemed outlandish on the surface, the authors said it 
could “be realized shortly”. In 1989, Brüggemann M. et al. 
[258] created transgenic mice carrying a human heavy-
chain minilocus comprising unrearranged immunoglob-
ulin V, D, and J segments linked to a human mu-chain 
 (Cμ) gene. A study reported that in an unrearranged 
germline configuration, the light chain and heavy chain 
minilocus transgenes containing human immunoglobu-
lin coding sequences were expressed to produce a diverse 
repertoire of CDR3s, and these miniloci were character-
ized, as well as the CDR3 repertoire produced [259].

Additionally, mice deficient in Ig were developed in 
parallel. Chen, J. et  al. reported that after targeting the 
 JH gene segments in embryonic stem cells, they created 
mice unable to assemble IgH chains in 1993 [260]. In the 
same year, they knocked out the mouse  JL gene again, 
inactivating mouse Ig [261]. A transgenic human IgH and 
IgL mouse was bred with an IgH knockout mouse and a 
mouse lacking IgL to create lines that were able to pro-
duce more diverse human antibodies. The first human Ig 
transgenic mouse strain containing transgenes of human 
sequences, undergoes V(D)J joining and heavy-chain 
classes switching, as well as somatic mutation, to pro-
duce a repertoire of human sequence immunoglobulins, 
was developed in 1994 [262]. In 2007, A. Jakobovits et al. 

used the XenoMouse transgenic system, which success-
fully recapitulated the human antibody response in mice, 
with the inactivated mouse antibody machinery [263]. 
Even though this line replaced mouse endogenous Ig with 
human Ig genes and eliminated interference from mouse 
endogenous Ig, human antibody production efficiency, Ig 
class switching, and somatic hypermutation still remain 
low because mice do not express the constant region 
gene. The murine Fc modulates the signaling for somatic 
hypermutation during antibody affinity maturation and 
effector function of antibodies on condition that chi-
meric antibodies can be generated in mice with human 
Fab and murine Fc region [264, 265]. In 2013, Osborn, M. 
J. et al. generated A novel transgenic rat line exclusively 
expressing chimeric Abs with human idiotypes has been 
generated using a humanized rat strain (OmniRat) car-
rying chimeric human/rat IgH and human IgL loci [266]. 
Human V(D)J transcripts were highly diverse, and B-cell 
recovery was non-discriminatory from wild-type ani-
mals. OmniRat strains produced high-affinity serum IgG 
after immunization as effectively as normal rats. Mouse 
chimeric antibodies can be produced after antigen immu-
nization through somatic hypermutation.

Single B‑cell antibody technology
Somatic recombination is the primary mechanism for 
generating a diverse repertoire of B-cells, which is neces-
sary for a robust immune response. The rearrangement of 
discrete germline gene segments establishes B-cell diver-
sity since the human genome is limited [267, 268]. In Ig-
transgenic mouse systems, human immune responses 
cannot be precisely replicated since the murine genetic 
background affects antigen processing and B-cell regula-
tion. It is important to note that, despite this drawback, 
most fully human antibodies are produced today using 
mouse systems that use the immunoglobulin transgene. 
Select antibodies can be affinity matured in  vitro using 
display technologies [269, 270]. However, they are usu-
ally based on random combinations, which means that 
VH and VL antibodies typically do not pair naturally with 
each other. A strategy based on the direct amplification 
of genes encoded by the VH and VL regions from single 
human B cells and their subsequent expression in cell 
culture systems has been designed in order to maintain 
the original VH and VL pairing that exists in human B 
cells, which is a method capable of being used to immor-
talize B cells.

In 1977, Steinitz, M. et  al. reported for the first time 
that Epstein-Barr virus (EBV) could be used to induce the 
immortalization of B cells that could preserve the charac-
teristics of the original B cell [271]. Since then, many sci-
entists have studied the method of preparing monoclonal 
antibodies from EBV-immortalized B cells [272–274]. 
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However, it was found that the efficiency of EBV immor-
talization of B cells is very low, and the concentration of 
antibodies produced is also minimal, so this method has 
not been widely used until now.

After the development of flow cytometry screening 
technology, it was possible to sort out antigen-specific 
B lymphocytes by using B-cell surface markers, followed 
by the use of a multicolor flow cytometry instrument. 
Magnetic microbeads conjugated with B-cell-specific 
markers, or fluorescence-activated cell sorting based on 
individual B cells’ cell surface markers, are used to iso-
late individual B cells from human PBMCs [275]. Using 
single-cell RT-PCR and expression vector cloning, a new 
platform has been developed for generating genes for the 
heavy chain and light chain of human B cells [276, 277]. 
To evaluate the Ig transcriptome repertoires of single B 
cells, Shi, Z. et  al. used Chromium Single-Cell Immune 
Profiling Solution and Sanger sequencing. In some single 
B cells, multi-Ig specificity is found at unprecedented lev-
els, revealing that immunoglobulin gene rearrangements 
and class switching are regulated differently than in clas-
sical “single-cell to single-antibody” formation [278]. A 
number of technologies have emerged in the past two 
decades to assess the repertoire of B-cells and antibodies 
at high resolution. A breakthrough microfluidic system 
called single-cell RNA sequencing has been developed, 
which encodes transcriptomic data from individual cells 
[279, 280]. Basically, microfluidics involves encapsulating 
cells in oil in aqueous droplets and adding a barcoded gel 
bead. Each barcoded primer captures mRNA for reverse 
transcription after the cells are lysed. A library prepara-
tion is made and sequencing is performed on the cDNAs 
from all droplets. In post-sequencing analysis, the tran-
scripts derived from each gel bead with their correspond-
ing VH-VL pairings can be reunified by barcoding each 
gel bead individually. By calculating the clonal diversity 
within and between patient samples, downstream analy-
ses can be performed in order to determine the intensity 
of the immune response, as well as quantify the rate of 
somatic hypermutation (SHM) and the length of hyper-
variable CDR3 regions within the antibody sequence to 
determine the extent of affinity maturation [277, 281].

Unlike traditional hybridoma technology, single B cells 
have many advantages, such as the flow sorting stage, 
which can be used to effectively enrich antigen-specific 
B cells and reduce the loss of positive cells due to the 
cell fusion step. Another obvious advantage is that fully 
human antibodies can be directly screened from human 
peripheral blood, which is very suitable during infectious 
disease research. Especially for acute infectious diseases 
such as SARS-CoV-2, this technology can be used to 
rapidly isolate fully human antibodies from the periph-
eral blood of patients, which can be used in subsequent 

new drug development. The currently approved SARS-
COV-2 neutralizing antibodies are derived from single 
B-cell cloning technology. For example, Tsinghua Uni-
versity Professor Zhang Linqi’s team reported a study of 
8 individuals infected with SARS-CoV-2 was conducted 
to isolate and characterize monoclonal antibodies spe-
cific for RBD [282], leading to the approval of the first 
anti- SARS-CoV-2 antibody in China. Bamlanivimab (LY-
CoV555), etesevimab (LY-CoV016) [283–286], and sotro-
vimab (Xevudy) are all recombinant human monoclonal 
antibodies targeted against SARS-CoV-2 isolated from a 
single B-cell clone, respectively [287, 288].

AI‑assisted antibody discovery
In 1972, Christian Anfinsen famously hypothesized the 
following in his acceptance speech for the Nobel Prize 
in Chemistry: in theory, a protein amino acid sequence 
should completely determine its structure. In the fol-
lowing decades, people have been exploring methods to 
calculate and predict the three-dimensional structure of 
proteins from their primary amino acid sequences. Due 
to the rapid development of structural biology tech-
niques, an increasing number of protein three-dimen-
sional structures are being stored in the Protein Data 
Bank (PDB) database; the rapid development of com-
puter technology and deep learning methods has also 
occurred. Researchers have finally made breakthroughs 
in the field of protein structure prediction in recent years. 
On November 17, 2021, Science magazine announced 
its 2021 annual list of scientific breakthroughs, which 
included AlphaFold [289, 290] and RoseTTAfold [291], 
two technologies for predicting protein structures based 
on artificial intelligence, at the top of the list [292–294]. 
For instance, using AlphaFold begins with the sequences 
and structures of approximately 100,000 known proteins 
to train the model, and then results in a well-trained 
model that can be used to predict the shape of a protein, 
at scale and in minutes, down to atomic accuracy. This 
work has cross-era importance since researchers have 
been able to accurately predict the three-dimensional 
structure of proteins and even the interactions between 
proteins by means of artificial intelligence. It also lays the 
foundation for scientists to explore the use of AI technol-
ogy to design specific binding antibodies, optimize the 
sequence structure of antibodies that bind to antigens, 
and screen the potential optimal antibodies that bind to 
antigens.

The application of AI or deep learning in anti-
body development mainly includes the following 
three aspects: (1) Sequence-to-structure prediction. 
For antibodies, predicting accurately the structure 
of the CDR, specifically CDR-H3 (Predicting CDR 
H3 loop structures with geometric potentials from 
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deep learning), remains the major challenge in terms 
of structure prediction. The use of deep learning-
based methods for predicting antibody structures has 
recently been demonstrated to be more accurate than 
methods that are trained to predict general structures, 
like those of other models. For example, Jeffrey A. Ruf-
folo et  al. developed a deep learning-based approach 
known as DeepAb, which can be used for structure 
prediction and optimization of antibodies [295]. To 
generate structures from network predictions, DeepAb 
uses a Rosetta-based protocol and a deep neural net-
work to predict distances and orientations between 
residues. (2) Antigen–antibody docking, interac-
tion prediction, and affinity maturation. For example, 
Constantin Schneider et al. recently developed a deep 
learning-based software structure-based deep learn-
ing for antibodies (DLAB). Antibodies with no known 
antibodies bind to antigen targets of interest or can 
be predicted to bind against antigen targets of inter-
est using this method [296]. Brennan Abanades et  al. 
presented ABlooper, which provides a confidence esti-
mate for each prediction of the CDR loop structure 
using end-to-end equivariant deep learning based on 
the CDR loop structure [297]. (3) Prediction of antigen 
epitope. For example, Rahmad Akbar et el. reported 
that they identified some antigen–antibody interac-
tion motifs through the analysis of a large number of 
existing antigen–antibody interactions. These motifs 
will be conducive to the further development of deep 
learning-based antibody-antigen interaction predic-
tion and epitope prediction [298]. Additionally, anti-
body sequences are designed using generative machine 
learning techniques beyond predictive applications. 
Deep learning also has applications in antibody 
humanization, such as the BioPhi software developed 
by David Prihoda, which can be used for antibody 
design and humanization analysis [236].

There are an increasing number of reports combining 
artificial intelligence for antibody optimization. Derek 
M. Mason reported on deep learning techniques for 
predicting antigenic specificity of antibody sequences 
in order to optimize therapeutic antibodies [299]. Sisi 
Shan et  al. introduced an antibody that broadly neu-
tralized SARS-CoV-2 variants and was identified using 
a deep learning approach to redesign CDRs to target 
multiple virus variants [300]. In March 2022, David 
Baker’s team reported in Nature that they were able to 
design engineered proteins that bind to the target pro-
tein based on only the structure of the target protein 
[301]. An increasing number of studies have shown 
that artificial intelligence has broad application pros-
pects in antibody optimization and protein design and 
engineering.

Future perspectives
It is possible to divide therapeutic antibodies into two 
broad categories. In the first category, naked antibod-
ies can be used directly to treat diseases. The develop-
ment of new technologies has recently contributed to the 
enhancement of ADCC or CDC therapeutic effects, such 
as antibody point mutations [302] or glycosyl modifica-
tions that lead to improved cancer cell killing capabili-
ties [303–305]. These approaches include optimizing the 
hinge and crystallizable fragment of antibodies or modi-
fying antibody glycosylation to enhance or reduce anti-
body effector functions and circulating half-life [306]. 
Therapeutic antibodies are typically induced to apoptosis 
directly in cancer cells. In terms of modifying the tumor 
microenvironment, antibodies are capable of inhibit-
ing tumorigenesis by focusing on factors involved in the 
growth of cancer cells. For example, Cancer cells cannot 
grow if they do not have access to nutrients, which VEGF 
inhibits by inhibiting the growth of blood vessels around 
them [307]. The mechanism of action of the antibody 
itself has been unable to effectively cure most malignant 
tumors. It is also possible that antibody-based therapy 
for human diseases will be more effective and specific if 
novel biomarkers and targets are identified.

The second category of antibody drugs consists of anti-
bodies with additional modifications to enhance their 
therapeutic properties. Some general approaches include 
antibody–drug conjugates, antibody-radionuclide conju-
gates, bispecific antibodies, the use of immune cytokines, 
immunoliposomes, and chimeric antigen receptor T-cell 
(CAR-T) therapy. Radiation immunotherapy is experi-
encing a good prospect for development. It is particularly 
effective because it uses antibodies for specific target-
ing and small molecular radioisotope warheads for rapid 
pharmacokinetics. Thus, they are particularly powerful 
in treating heterogeneous cancers [308]. To ensure the 
efficacy of ADCs, high antigen expression and high toxic-
ity payload are required. ADC drugs gain new ideas with 
the development of bispecific technology. One antibody 
binds to tumor cell-associated antigen, and the other 
antibody promotes the endocytosis and degradation of 
the molecule, enhancing the efficacy of ADC drugs when 
faced with targets with weaker internalization [309]. Pro-
teolysis-targeting chimeras (PROTAC) is a drug develop-
ment technology that utilizes the ubiquitin–proteasome 
system (UPS) to degrade target proteins. This heterobi-
functional molecule can specifically degrade the tar-
get protein in cells. Clinically, PROTAC have additional 
advantages over pure target inhibition [310, 311]. By con-
necting a chemical linker to PROTAC payloads, degrada-
tion-antibody conjugates act as a new class of antibody 
drugs. The currently validated degradation-antibody con-
jugates show in vitro or in vivo biological activity, which 
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will be a new mode of conjugation with clinical signifi-
cance [312].

Currently, X-ray crystallography, cryo-electron micros-
copy, and computer-assisted homology modeling can be 
used to analyze the structure of antigen–antibody com-
plexes and elucidate an understanding of the key residues 
that act directly to guide antibody humanization modi-
fication. Many web service platforms can provide infor-
matics and antibody structure databases, which provide 
technical support for human antibody framework region 
selection, antibody modeling, etc. Multiple tools for 
quantifying the degree of monoclonal antibody humani-
zation, such as the H⁃score, G-score, and T20 analysis 
designed by Abhinandan and Martin [313], can also be 
used to clearly separate human sequences from mouse 
sequences and those of other species. It is expected that 
derived antibody drugs will be multi-mechanistic and 
multifunctional, and that the design of antibody drugs 
will encompass biological, chemical, mathematical and 
computer science fields more broadly and deeply.

Conclusions
After decades of development, therapeutic antibodies 
have played an increasingly important role in the treat-
ment of malignant tumors, autoimmune diseases, infec-
tions, and other diseases, and are currently one of the 
focuses and hot spots of international innovative drug 
development. This article summarizes the types of thera-
peutic antibodies, the marketed and underdevelopment 
antibodies, and the application status of five antibody 
development technologies: hybridomas, antibody librar-
ies, humanized mice, single B cells, and artificial intel-
ligence. In general, the preparation technologies used 
to generate antibodies, including mature hybridoma 
technology, emerging single B-cell technology, and anti-
body library technology that does not depend on anti-
gen immunization, are developing rapidly. The antibody 
humanization process is omitted in humanized mouse 
technology, and deep learning algorithms assist in anti-
body humanization and antibody virtual screening 
design. Researchers can flexibly adopt suitable screen-
ing methods according to the specific requirements of 
the project. At the same time, pure antibody drugs are 
also developing in the direction of antibody-conjugated 
drugs, bispecific antibodies, and multispecific antibod-
ies, and new varieties are constantly entering the clinic 
or being approved. Looking to the future, with the rapid 
development of theories and technologies in all aspects 
of antibodies, the development of therapeutic antibod-
ies will become increasingly mature, and the speed from 
target discovery to antibody drugs entering the clinic will 
also become faster. However, regarding the marketed 
and underresearched antibody varieties, the problems 

of concentrated targets, a high degree of homogeneity, 
excessive competition, and waste of social and clinical 
resources are apparent. In the future, only by focusing on 
clinical needs, meeting the unmet needs of patients, and 
continuing to increase investment in basic research, such 
as research on disease mechanisms and new target dis-
covery, can the adequate development of the antibody–
drug market be better promoted.
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