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Supplementary Table S1: The established criterion of efficacy targets. 

Target A protein, DNA, RNA, cell wall/membrane component, or intra-cellular 

component unambiguously involved in the initiation or progression of a 

disease, and directly modulated by a drug with adequate potency. Potency 

criteria vary with assay, technology and target-type. Typically, drugs are 

expected to exhibit potencies of <500nM (ideally <100nM) in biochemical 

assays, but drugs of μM potencies may show adequate potencies in cell-

based, in-vivo and clinical studies. 

Efficacy target A target through which a drug mediates its claimed primary therapeutic 

effect, which is confirmed by biochemical assay and strong cell-based 

and/or in-vivo evidence linking the target to drug. Drug discovery against 

the same target is expected to lead to additional drugs of the same claimed 

therapeutic effect. Drugs typically exhibit potencies of <1μM in cell-based 

assays, but in some cases potencies of 10μM range may be acceptable. 

Criteria for in-vivo tests are less stringent. 

Secondary efficacy target 

of multi-target drugs 

A target unambiguously involved in compensatory action or resistance 

against a drug (e.g. promoting alternative signaling or reducing drug 

bioavailability), and simultaneous action of a multi-target drug against this 

target and the main efficacy target exhibits statistically significant 

improvement of efficacy over that of the drugs against efficacy target only. 
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Supplementary Table S2: The sources of the collected clinical trial drugs in this study. 

PhRMA medicines in development reports 

More Than 800 Medicines and Vaccines in Testing Offer Hope in the Fight Against Cancer (2009) 

Pharmaceutical Research Companies Are Developing More Than 300 Medicines to Treat Mental Illnesses (2010) 

Biopharmaceutical Research Companies Are Developing Nearly 300 Medicines for Cardiovascular Disease (2011) 

Biopharmaceutical Research Companies Are Developing Nearly 300 Medicines to Treat Diseases of the Skin (2011) 

Biopharmaceutical Research Companies Are Developing More Than 220 Medicines to Treat Diabetes (2012) 

Biopharmaceutical Research Companies are Developing Nearly 100 Medicines for Alzheimer's Disease (2012) 

More Than 900 Medicines and Vaccines in Clinical Testing Offer New Hope in the Fight Against Cancer (2012) 

Pharmaceutical Companies are Developing Nearly 200 Medicines for Mental and Addictive Disorders (2012) 

Biologics Research Pushing Frontiers of Science with more than 900 Medicines in Development (2013) 

More Than 450 Medicines in Development for Rare Diseases (2013) 

Biopharmaceutical Research Companies Are Developing More Than 430 Medicines for Top Chronic Diseases (2014) 

Nearly 800 Medicines and Vaccines in Clinical Testing for Cancer Offer New Hope to Patients (2014) 

Medicines in Development for Cancer 2015 Report (2015) 

Medicines in Development for Neurological Disorders 2015 Report (2015) 

Medicines in Development for Diabetes 2016 Report (2016) 

Medicines in Development for Osteoporosis 2016 Report (2016) 

Medicines in Development for Rare Diseases 2016 Report (2016) 

Medicines in Development for Autoimmune Diseases 2016 Report (2016) 

Medicines in Development for HIV 2017 Report (2017) 

Medicines in Development for Immuno-Oncology 2017 Report (2017) 

List of 2017 Medicines in Development for Mental Illness (2017) 

Medicines in Development for Alzheimer's Disease 2017 Report (2017) 

Medicines in Development for Heart Disease and Stroke 2018 Drug List (2018) 

Pharmaceutical databases 

Springer AdisInsight database (2015) Thomson Reuters PharmaTM (2010 and 2012) 
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CenterWatch Drugs in Clinical Trials Database (2007) MDL® Drug Data Report (2004) 

U.S. National Institutes of Health ClinicalTrials.gov IUPHAR/BPS Guide to Pharmacology 

18 research institutes or organizations of which the drug pipeline reports, the annual reports and the 
announcements were collected 

AERAS Global TB Vaccine Foundation (AERAS) CSIR-Central Drug Research Institute 

Dana-Farber Cancer Institute Dartmouth-Hitchcock Medical Center 

Finlay Institute Infectious Disease Research Institute 

Institut Pasteur Karolinska Institute 

Naval Medical Research Center QIMR Berghofer 

Rogosin Institute Rutgers University 

Sabin Vaccine Institute St Georges University of London 

Texas Heart Institute University College London 

University of Wisconsin School of Medicine Weizmann Institute of Science 

371 companies of which the drug pipeline reports, the annual reports and the announcements were 
collected 

22nd Century Group 4SC AG 7TM Pharma 

Abbott Acadia Pharmaceuticals Acceleron Pharma 

Achillion Pharmaceuticals Acorda Therapeutics Biotechnology Actelion Pharmaceuticals 

Actinium Pharmaceuticals ACTIVARTIS Biotech GmbH Acuity Pharmaceuticals 

Adamis Pharmaceuticals Aduro Biotech Advantagene 

Aeson Therapeutics AFFiRiS AG Affitech A/S 

Agenus Inc Alexza Pharmaceuticals ALK Abello 

Alkermes plc Allegro Ophthalmics Allergy Therapeutics 

Alnylam Pharmaceuticals AlphaVax Altimmune 

Amarantus BioScience Holdings Amarillo Biosciences Amgen 

Amicus Therapeutics Anacor Anadys Pharmaceuticals 

Anavex Anergis SA AnGes MG 

Angion Biomedica Aradigm Archivel Farma SL 

Ardana Bioscience Ardelyx ARIAD Pharmaceuticals 
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Arisaph Pharmaceuticals Arno Therapeutics Asklepios BioPharmaceutical 

Astellas Pharma Asterias Biotherapeutics Astex Pharmaceuticals 

AstraZeneca ATLAB Pharma Avanir Pharmaceuticals 

AVARX LLC Avax Tech Avicena Group 

Baxter Bayer Bellicum Pharmaceuticals 

Bellus Health Benitec BERG 

BHV Pharma Bio Products Laboratory Biocardia 

Biodel Inc Biogen Bioheart 

Biological E. Limited Biomarin Bioptron Light Therapy 

Biotest Pharmaceuticals Biotie BioTime 

Birds Pharma AG Bluebird Bio Boehringer Ingelheim 

Bristol-Myers Squibb Bukwang Pharmaceutical CalciMedica 

Cancer Advances Can-Fite BioPharma Capricor Therapeutics 

CardioPharma CDG Therapeutics Cebix 

Celimmune Cell Point CEL-SCI Corporation 

CerRx Inc Cerus ChemoCentryx 

Chugai Pharmaceutical Circassia Cleveland BioLabs 

CoDa Therapeutics Cornerstone pharmaceuticals Covx Pharmaceuticals 

CreaGene Crucell CTI BioPharma 

Curis Cytori Therapeutics Cytos Biotechnology AG 

CZ Biomed Corp D&A Pharma Daiichi Sankyo 

DBV Technologies Debiopharm Denka Seiken 

Dia-B Tech Diamedica Diamyd Medical AB 

Diasome Pharmaceuticals Diffusion Pharmaceuticals Digestive Care 

Duska Therapeutics Dynavax DynPort Vaccine Company 

Eagle Pharmaceuticals Edimer pharmaceuticals EigerBio 

Eisai Co Ltd Elcelyx Eli Lilly 

Emergent BioSolutions Emisphere Technologies Endocyte 

Etubics Eurovacc Evoke Pharma 

Evotec Exelixis Exsulin 
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Fabre-Kramer Pharmaceuticals Faron Pharmaceuticals Fate therapeutics 

Ferring Pharmaceuticals Fina Biotech FirstString Research 

FIT Biotech Oy Five Prime Therapeutics FluoroPharma Medical 

Forest Laboratories Forsight vision5 Forum pharmaceuticals 

Fresenius Galapagos Galena Biopharma 

Gemac Pharma Genentech Generex Biotechnology 

Genetic Immunity Genmab Genovax Srl 

Genta Genus Oncology Genzyme 

GeoVax Geron Gilead Sciences 

GITR Inc GlaxoSmithKline GlobeImmune 

Gramineer Green Peptide GREER 

GW Pharmaceuticals HanAll BioPharma Hatchtech 

Helix BioPharma Hemodynamic Therapeutics HepC, Inc 

Humanetics iBio, Inc. Iconic therapeutics 

Idenix Pharmaceuticals Idera Pharmaceuticals Ikaria 

ImmunoFrontier Immunomedics Immunotope 

Immunovaccine Immunservice GmbH ImmusanT 

Incyte Innate Pharma Inovio Pharmaceuticals 

Inpharma SA INSYS Therapeutics IntecPharma 

Intellikine InterMune Intra-Cellular Therapies 

Ion Channel Innovations Iroko Pharmaceuticals Isa Pharmaceuticals 

ISIS Pharmaceuticals ISTO Technologies Izun Pharmaceuticals 

JN-International Medical Johnson & Johnson Juvaris Biotherapeutics 

Juvenon KaloBios Pharmaceuticals Karo Bio 

Kibow Biotech Kinex Pharmaceuticals Kowa Pharmaceuticals 

Kringle Pharma Kyowa Hakko Kirin Pharma LG Life Science 

Lion Biotechnologies Lundbeck Lupin Limited 

Luye pharmaceutical MabVax Therapeutics Macrocure 

Macrogenics MannKind Marina Biotech 

Mati Therapeutics MaxCyte Mazence 
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Medesis Pharma Medicago MedImmune 

Medinox Medivir Mentrik Biotech 

MerciaPharma Merck Meridian Bioscience 

Merrimack Pharmaceuticals Mesoblast Metabasis Therapeutics 

Meta-IQ MetronomX MicuRx Pharmaceuticals 

MIKA Pharma GmbH Mistral Pharma Molecular Targeting Technologies 

MolMed S.p.A. Momenta Pharmaceuticals MorphoSys AG 

multimmune GmbH Mymetics Myriad Genetics 

NanoBio Nanotherapeutics Nektar Therapeutics 

NEONC Technologies Neos Therapeutics Neurolixis 

Neurotrope BioScience NewLink Genetics NicOx 

Nile Therapeutics NIPPON SHINYAKU NOLabs AB 

Northwest Biotherapeutics Novartis Novavax 

Novo Nordisk NRVision L.P. Nucryst Pharmaceuticals 

Ocular Therapeutix Okairos Oligovax SAS 

Omeros OncoMed Pharmaceuticals OncoSec Medical 

Onyvax OPKO Health Oragenics 

Osmotica Pharmaceutical Otsuka Pharmaceutical Panagin Pharmaceuticals 

Pantec Biosolutions Peregrine Pharmaceuticals Pfizer 

Pharmalink Pharmasset PharmAthene 

PhaseBio Pherin Pharmaceuticals Piramal Healthcare 

Planet Biotechnology Pluristem Therapeutics Portola Pharmaceuticals 

Prescient Therapeutics Presidio Pharmaceuticals Prima BioMed 

Profectus BioSciences Progen Pharmaceuticals Progenics Pharmaceuticals 

Proneuron Biotechnologies Protein Sciences Proximagen 

Psyadon Pharmaceuticals Quark Pharmaceuticals Quest Pharmatech 

REGENXBIO Regulus Therapeutics Relmada therapeutics 

Repligen Revance Therapeutics Rigel Pharmaceuticals 

Roche Rockwell Medical Technologies Sandoz 

Sanofi Santaris Pharma Savara Pharmaceuticals 
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SciClone Pharmaceuticals SCYNEXIS Seattle Genetics 

SEIKAGAKU Selexys Pharmaceuticals Shionogi 

Sinovac Biotech Sirna Therapeutics SkyePharma 

Solvay Spectrum Pharmaceuticals Stallergenes 

Stematix Stemedica Cell Technologies Summit Therapeutics 

Suven Life Sciences Syndax Taiho Pharmaceutical 

Taisho Pharmaceutical Takara Bio Takeda Pharmaceutical 

Tella Inc Tetralogic Pharmaceuticals TG Therapeutics 

Theravance Biopharma Tocagen Tolerion Inc 

Topica Pharmaceuticals Transition Therapeutics TransTech Pharma 

Triphase Accelerator TVAX Biomedical Tyrogenex 

Union Chimique Belge (UCB) United Therapeutics UroGene 

Valneva VaxInnate Vectura 

Velcura Therapeutics Veloxis Pharmaceuticals Vericel 

Vertex Vesta Therapeutics ViaCyte 

Vical Virax Holdings Limited ViroBay 

Vital Therapies Xbiotech XEME Biopharma 

Xencor XOMA Corporation Zafgen 

Zensun ZIOPHARM Oncology Zogenix 

Zydus Cadila ZymoGenetics  
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Supplementary Table S3: The target name, the corresponding first-in-class drug and the clinical trial progression timeline of the 89 innovative targets (without 

an approved drug before 2004) with a first-in-class drug approved in the period of 2004-2017. 

Target Full Name 
Target 
Name 

Time Spend 
on Clinical 

Trial 
Progression 
(by month) 

Start Date of the Clinical 
Trial (Drug Name; Trial 
Status) 

Date of the First FDA Approval (Approved First-in-class 
Drug; Disease; Drug Type) 

Human Targets of Small Molecular Drugs (40 targets in total, ordered by the time spend from clinical trial phase I to FDA approval) 

Carbamoyl phosphate 
synthetase 1 

CPS1 37 
Aug 2008 (N-
carbamylglutamate; P2/3)1 

Mar 2010 (Carglumic Acid; Hyperammonaemia; Small 
molecular drug)2 

Isocitrate dehydrogenase 2 IDH2 48 Aug 2013 (AG-221; P1)3,4 
Aug 2017 (Enasidenib; Acute myeloid leukemia; Small 
molecular drug)5 

Phenylalanine hydroxylase PAH 54 
Dec 2004 (Sapropterin 
Dihydrochloride; P2)6 

Dec 2007 (Sapropterin Dihydrochloride; 
Hyperphenylalaninaemia; Small molecular drug)7 

Melatonin MT1/2 receptor 
MT1/2 
receptor 

56 May 2002 (Ramelteon; P2)8 Jul 2005 (Ramelteon; Insomnia; Small molecular drug)9 

Proto-oncogene B-Raf BRaf 57 Nov 2006 (PLX4032; P1)10,11 Aug 2011 (Vemurafenib; Melanoma; Small molecular drug)12 

Btk tyrosine kinase Btk 57 
Feb 2009 (PCI-32765; 
P1)13,14 

Nov 2013 (Ibrutinib; Mantle cell lymphoma; Small molecular 
drug)15 

Smoothened Smoothened 57 
Apr 2007 (GDC-0449; 
P1)16,17 

Jan 2012 (Vismodegib; Basal cell carcinoma; Small molecular 
drug)18 
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ALK tyrosine kinase receptor Alk 64 
Apr 2006 (PF-02341066; 
P1)19,20 

Aug 2011 (Crizotinib; Non-small-cell lung carcinoma; Small 
molecular drug)12 

Cystic fibrosis transmembrane 
conductance regulator 

CFTR 74 May 2007 (VX-770; P2)21,22 Jan 2012 (Ivacaftor; Cystic fibrosis; Small molecular drug)18 

Renin Renin 74 Jan 2001 (SPP100; P1)23 
Mar 2007 (Aliskiren Hemifumarate; Hypertension; Small 
molecular drug)7 

Lymphocyte function-associated 
antigen-1  

LFA-1 83 Aug 2009 (SAR 1118; P1)24 Jul 2016 (Lifitegrast; Dry eye disease; Small molecular drug)25 

Dipeptidyl peptidase IV DPP4 90 
Oct 2000 (P32/98; P1 
Completed)26,27 

Oct 2006 (Sitagliptin; Type 2 diabetes; Small molecular 
drug)28 

CC-chemokine receptor 5 CCR5 91 
Jan 2001 (UK-427,857; 
P1)29 

Aug 2007 (Maraviroc; HIV infection; Small molecular drug)7 

Chloride channel protein 2 CLCN2 93 
Apr 2002 (RU-0211; P2 
Completed)30,31 

Jan 2006 (Lubiprostone; Chronic idiopathic constipation; 
Small molecular drug)28 

OX1/2 orexin receptor 
Orexin 
receptor 

99 
May 2006 (ACT-078573; 
P1)32 

Aug 2014 (Suvorexant; Insomnia; Small molecular drug)33 

Soluble guanylyl cyclase sGC 99 
Jan 2007 (BAY63-2521; 
P2)34 

Oct 2013 (Riociguat; Chronic thromboembolic pulmonary 
hypertension; Small molecular drug)15 

VEGF-2 receptor VEGFR2 99 Sep 1997 (SU5416; P1)35 
Dec 2005 (Sorafenib; Renal cell carcinoma; Small molecular 
drug)9 
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Ret tyrosine kinase receptor Ret >104 
Earlier than Aug 2002 
(ZD6474; P1)36 

Apr 2011 (Vandetanib; Medullary thyroid cancer; Small 
molecular drug)12 

MEK protein kinase MEK 107 
Jun 2004 (ARRY-142886; 
P1)37 

May 2013 (Trametinib; Melanoma; Small molecular drug)15 

Extracellular calcium sensing 
receptor 

CaSR 109 
Aug 1996 (NPS R-568; P1 
Completed)38 

Mar 2004 (Cinacalcet Hydrochloride; Secondary 
hyperparathyroidism; Small molecular drug)39 

Histone deacetylase HDAC 110 Aug 1997 (FK228; P1)40 
Oct 2006 (Vorinostat; Cutaneous T cell lymphoma; Small 
molecular drug)28 

Sodium glucose transporter-2 SC5A2 113 
Apr 2005 (BMS-512148; 
P2)41 

Mar 2013 (Canagliflozin; Type 2 diabetes; Small molecular 
drug)15 

Tryptophan hydroxylase TPH 113 Mar 2009 (LX1606; P2)42 
Feb 2017 (Telotristat Ethyl; Carcinoid syndrome diarrhea; 
Small molecular drug)5 

Apoptosis regulator Bcl-2 BCL-2 114 
Oct 2006 (ABT-263; 
P1/2)43,44 

Apr 2016 (Venetoclax; Chronic lymphocytic leukemia; Small 
molecular drug)25 

Phosphoinositide-3 kinase delta PI3K delta 114 
Jan 2005 (TG100-115; 
P1/2)45 

Jul 2014 (Idelalisib; Chronic lymphocytic leukemia and 
follicular lymphoma; Small molecular drug)33 

Beta 3 adrenoceptor ADRB3 117 Sep 2002 (YM178; P1)46 
Jun 2012 (Mirabegron; Overactive bladder; Small molecular 
drug)18 

C-X-C chemokine receptor type 
4 

CXCR4 120 
Jun 2000 (AMD-3100; P1 
Completed)47 

Dec 2008 (Plerixafor; Autologous hematopoietic stem-cell 
transplantation in patients with non-Hodgkin lymphoma and 
multiple myeloma; Small molecular drug)48 
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Jak3 tyrosine kinase Jak3 120 Nov 2002 (Tofacitinib; P1)49 
Nov 2012 (Tofacitinib; Rheumatoid arthritis; Small molecular 
drug)18 

Cyclin-dependent kinase-4/6 CDK4/6 122 
Dec 2004 (AG-024322; 
P1)50 

Feb 2015 (Palbociclib; Breast cancer; Small molecular drug)51 

Protease-activated receptor-1 PAR-1 123 
Aug 2005 (SCH 530348; 
P2)52 

May 2014 (Vorapaxar; Myocardial infarction; Small molecular 
drug)33 

Farnesoid X receptor FXR 124 Jul 2007 (INT-747; P2)53 
May 2016 (Obeticholic Acid; Primary biliary cholangitis; Small 
molecular drug)25 

Sphingosine 1-phosphate 
receptor 1 

S1PR1 >127 
Earlier than Feb 2000 
(FTY720; P1)54 

Sep 2010 (Fingolimod; Multiple sclerosis; Small molecular 
drug)2 

Poly ADP ribose polymerase PARP 131 Jan 2004 (INO-1001; P2)55 Dec 2014 (Olaparib; Ovarian cancer; Small molecular drug)33 

Phosphodiesterase 4 PDE-4 138 Aug 1999 (CC-1088; P1/2)56 
Feb 2011 (Roflumilast; Chronic obstructive pulmonary 
disease; Small molecular drug)12 

Hyperpolarization activated 
cyclic nucleotide-gated channel 

HCN channel 146 
Feb 2003 (Cilobradine; 
P1)57 

Apr 2015 (Ivabradine; Heart failure; Small molecular drug)51  

Jak2 tyrosine kinase Jak2 >147 
Earlier than Aug 1999 (CEP-
701; P1)58 

Nov 2011 (Ruxolitinib; Myelofibrosis; Small molecular drug)12 

Microsomal triglyceride transfer 
protein 

Transfer 
protein MTP 

175 
Nov 1999 (BAY 13-9952; P1 
Completed)59,60  

Dec 2012 (Lomitapide; Familial hypercholesterolaemia; Small 
molecular drug)18 
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Rho kinase ROCK 186 Jun 2002 (Fasudil; P2)61 Dec 2017 (Netarsudil; Glaucoma; Small molecular drug)5 

AMPA receptor 
AMPA 
receptor 

190 Dec 1996 (ZK200775; P1)62 Oct 2012 (Perampanel; Epilepsy; Small molecular drug)18 

Cytochrome P450 17A1 CYP17A1 343 
Mar 1984 (Ketoconazole; 
P1 Completed)63,64 

Apr 2011 (Abiraterone Acetate; Prostate cancer; Small 
molecular drug)12 

Human Targets of Biologics (41 targets in total, ordered by the time spend from clinical trial phase I to FDA approval) 

Tripeptidyl-peptidase 1 TPP1 43 
Sep 2013 (BMN-190; 
P1/2)65 

Apr 2017 (Cerliponase Alfa; Batten disease; Enzyme 
replacement therapy)5 

Beta-glucuronidase Beta-G1 49 Oct 2013 (UX003; P1/2)66 
Nov 2017 (Vestronidase Alfa-vjbk; Sly syndrome; Enzyme 
replacement therapy)5 

Lysosomal acid lipase 
Lysosomal 
lipase 

55 May 2011 (SBC-102; P1)67 
Dec 2015 (Sebelipase Alfa; Lysosomal acid lipase deficiency; 
Enzyme replacement therapy)51 

Arylsulfatase B 
Arylsulfatase 
B 

56 Sep 2000 (rhASB; P1)68,69 
May 2005 (Galsulfase; Mucopolysaccharidosis VI; Enzyme 
replacement therapy)9 

N-acetylgalactosamine 6 
sulfatase 

GALNS 58 
Apr 2009 (BMN 110; 
P1)70,71 

Feb 2014 (Elosulfase Alfa; Mucopolysaccharidosis IVA; 
Enzyme replacement therapy)33 

Proprotein convertase PC9 PCSK9 68 
Nov 2009 (REGN727; P1)72-

74 
Jul 2015 (Alirocumab; Familial hypercholesterolaemia; 
Antibody)51 

GLP-1 receptor 
GLP-1 
receptor 

73 
Mar 1999 (Exenatide; 
P1)75,76 

Apr 2005 (Exenatide; Type 2 diabetes; Protein analog)9 
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Receptor activity modifying 
protein 

RAMP 76 
Nov 2002 (Pramlintide; 
P3)77 

Mar 2005 (Pramlintide Acetate; Type 1/2 diabetes; Protein 
analog)9 

VEGF-A ligand VEGF-A 81 
Nov 1998 (Bevacizumab; 
P2)78,79 

Feb 2004 (Bevacizumab; Colorectal cancer; Antibody)39 

Tissue non-specific alkaline 
phosphatase 

Phosphatase 
AP-TNAP 

85 
Sep 2008 (Asfotase Alfa; 
P1/2)80 

Oct 2015 (Asfotase Alfa; Hypophosphatasia; Enzyme 
replacement therapy)51 

Integrin alpha-4 VLA-4 alpha 86 
Mar 1999 (Natalizumab; P1 
Completed)81,82 

Nov 2004 (Natalizumab; Multiple sclerosis; Antibody)39 

Complement C5 
Complement 
C5 

87 
Dec 1999 (Pexelizumab; 
P1)83-85 

Mar 2007 (Eculizumab; Paroxysmal nocturnal 
hemoglobinuria; Antibody)7 

Interleukin-12/23 subunit p40 IL-12/23 p40 88 
Nov 2003 (CNTO 1275; 
P2)86 

Sep 2009 (Ustekinumab; Plaque psoriasis; Antibody)87 

Interleukin-1 beta ligand IL-1B 95 
Sep 2001 (IL-1 Trap; P1 
Completed)88,89 

Feb 2008 (Rilonacept; Muckle-Wells syndrome; Fusion 
protein)48 

Guanylyl cyclase C GC-C 97 Jan 2006 (MD-1100; P2)90 
Aug 2012 (Linaclotide; Irritable bowel syndrome with 
constipation; Protein analog)18 

Programmed cell death protein 
1 

PD-1 97 
Aug 2006 (MDX-1106; 
P1)91,92 

Sep 2014 (Pembrolizumab; Melanoma; Antibody)33 

Plasma kallikrein 
Plasma 
kallikrein 

102 
Dec 2002 (DX-88; P1 
Completed)93,94 

Dec 2009 (Ecallantide; Hereditary angioedema; Protein 
analog)87 



14 

Cytotoxic T-lymphocyte protein-
4 

CTLA-4 102 
Sep 2002 (Ipilimumab; 
P1)95,96 

Mar 2011 (Ipilimumab; Melanoma; Antibody)12 

mRNA of APOB APOB mRNA 107 
Aug 2005 (ISIS 301012; 
P2)97 

Jan 2013 (Mipomersen; Familial hypercholesterolaemia; 
Antisense drug)15 

SLAM family member 7 SLAMF7 107 Dec 2006 (HuLuc63; P1)98,99 Nov 2015 (Elotuzumab; Multiple myeloma; Antibody)51 

B-lymphocyte stimulator ligand BLyS ligand 109 
Feb 2002 (Belimumab; 
P1)100 

Mar 2011 (Belimumab; Systemic lupus erythematosus; 
Antibody)12 

Interleukin-17A ligand IL-17A 109 
Dec 2005 (Secukinumab; 
P1/2)101 

Jan 2015 (Secukinumab; Plaque psoriasis; Antibody)51 

cADPr hydrolase 1 CD38 110 
Mar 2008 (Daratumumab; 
P2)102 

Nov 2015 (Daratumumab; Multiple myeloma; Antibody)51 

Calcium activated chloride 
channel 

Channel 
ANO1 

114 
Dec 2004 (Crofelemer; 
P2)103 

Dec 2012 (Crofelemer; HIV-associated diarrhea; 
Proanthocyanidin oligomer)18 

Insulin-like growth factor 1 
receptor 

IGF1 
receptor 

115 Jul 1997 (CEP-151; P2)104 
Aug 2005 (Mecasermin; Failure to thrive in children; Protein 
analog)9 

Receptor activator of nuclear 
factor kappa-B ligand 

RANKL 115 May 2002 (AMG 162; P2)105 Jun 2010 (Denosumab; Osteoporosis; Antibody)2 

Ganglioside GD2 
Ganglioside 
GD2 

116 
Jul 2005 (Dinutuximab; 
P1)106 

Mar 2015 (Dinutuximab; Neuroblastoma; Antibody)51 
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Iduronate 2-sulfatase 
Iduronate 2-
sulfatase 

117 
Oct 1996 (IDS Gene 
Therapy; P1/2)107 

Jul 2006 (Idursulfase; Mucopolysaccharidosis II; Enzyme 
replacement therapy)28 

Interleukin-6 receptor IL-6R 119 
Aug 2001 (Tocilizumab; 
P2)108 

Jan 2010 (Tocilizumab; Rheumatoid arthritis; Antibody)2 

CD80/CD86 CD80/CD86 121 
Nov 1995 (BMS-188667; 
P1)109 

Dec 2005 (Abatacept; Rheumatoid arthritis; Fusion protein)9 

Exon 51 of dystrophin pre-
mRNA 

Dystrophin 
pre-mRNA 

124 
May 2006 (PRO051; 
P1)110,111 

Sep 2016 (Eteplirsen; Duchenne muscular dystrophy; 
Antisense drug)25 

B-lymphocyte antigen CD19 CD19 126 Jun 2004 (AMG 103; P1)112   
Dec 2014 (Blinatumomab; B-cell precursor acute 
lymphoblastic leukemia; Antibody)33 

Glucagon-like peptide 2 GLP-2 128 Oct 2003 (ALX-0600; P2)113  
Dec 2012 (Teduglutide Recombinant; Short bowel syndrome; 
Protein analog)18 

Interleukin-6 ligand IL-6 128 
Aug 2003 (CNTO 328; 
P1/2)114 

Apr 2014 (Siltuximab; Multicentric Castleman disease; 
Antibody)33 

Bradykinin B2 receptor BDKRB2 132 Aug 2004 (Icatibant; P3)115 
Aug 2011 (Icatibant Acetate; Hereditary angioedema; Protein 
analog)12 

SMN2 pre-mRNA 
SMN2 pre-
mRNA 

132 Jun 2007 (HU; P2/3)116-118 
Dec 2016 (Nusinersen; Spinal muscular atrophy; Antisense 
drug)25 

Thrombopoietin receptor TPO-R 152~163 
??? 1995 (PEG-rhMGDF; 
P1)119,120 

Aug 2008 (Romiplostim; Idiopathic thrombocytopenic 
purpura; Protein analog)48 



16 

Leptin receptor 
Leptin 
receptor 

156 
Feb 2001 (r-metHuLeptin; 
P1)121 

Feb 2014 (Metreleptin; Congenital and acquired generalized 
lipodystrophy; Protein analog)33 

Glucarpidase Glucarpidase 162 
Jan 2000 (Glucarpidase; 
P2)122 

Jan 2012 (Glucarpidase; Delayed methotrexate clearance; 
Protein analog)18 

IL-4 receptor alpha IL-4R alpha 164 Jan 2005 (AER-001; P2)123 Mar 2017 (Dupilumab; Eczema; Antibody)5 

Interleukin-5 ligand IL-5 167 
Dec 2001 (Mepolizumab; 
P1/2)124 

Nov 2015 (Mepolizumab; Asthma; Antibody)51 

Infectious Disease Species Targets (8 targets in total, ordered by the time spend from clinical trial phase I to FDA approval) 

HIV integrase 
HIV 
integrase 

82 Jun 2002 (S-1360; P2)125,126 Oct 2007 (Raltegravir; HIV infection; Small molecular drug)7 

Hepatitis C virus NS5B 
polymerase 

HCV NS5B 86 
Oct 2006 (GSK625433; 
P1)127  

Dec 2013 (Sofosbuvir; Hepatitis C viral infection; Small 
molecular drug)15 

Anthrax protective antigen Anthrax PA 89 Jul 2005 (PAmAb; P1)128 Dec 2012 (Raxibacumab; Anthrax; Antibody)18 

Mycobacterial ATP synthase 
TB ATP 
synthase 

109 May 2005 (TMC207; P2)129  
Dec 2012 (Bedaquiline Fumarate; Multidrug-resistant 
tuberculosis; Small molecular drug)18 

Hepatitis C virus NS3/4A 
protease 

HCV NS3/4A 119 
Jun 2001 (BILN 2061; P1)130-

132 
May 2011 (Boceprevir; Hepatitis C viral infection; Small 
molecular drug)12 

Fungal aureus leucyl-tRNA 
synthetase 

Fungal 
LeuRS 

122 Nov 2005 (AN2690; P2)133 
Jul 2014 (Tavaborole; Onychomycosis; Small molecular 
drug)33 
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Clostridium difficile toxin B 
C. difficile 
toxin B 

127 
Mar 2006 (MDX-1388; 
P1)134 

Oct 2016 (Bezlotoxumab; Clostridium difficile infection 
recurrence; Antibody)25 

Cytomegalovirus DNA terminase 
complex 

CMV 
terminase 

146 
Mar 2007 (AIC-001; P2)135  
136 

Nov 2017 (Letermovir; Cytomegalovirus infection; Small 
molecular drug)5 
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Supplementary Table S4: The disease roles and binding-site features of the innovative targets with a first-in-class drug approved in 2004-2017. 

Target Name 
Disease Indication 
(Disease Class; ICD-10 Code) 

Literature-described Disease Roles (Functional 
Profiles) of Target 

Literature-described Binding-Site Profiles (Drug-
binding-site Structural Features) of Target 

Anthrax PA 
Anthrax 

(Infectious diseases; A00-B99) 
Crucial for the pathogenesis of anthrax1 

Selective substrate recognition-sites for 

peptide/mAb binding2 

C. difficile 

toxin B 

Clostridium difficile infection 
recurrence 

(Infectious diseases; A00-B99) 

Clostridium difficile triggers disease through the 

release of two toxins (TcdA and TcdB)3 

Binding-site conformation differs from human 

proteins enables selective mAb binding4 

CCR5 
HIV infection 

(Infectious diseases; A00-B99) 

Essential for HIV-1 infection as one of the two HIV 

entry receptors5 

Binding-site distinct from those of other 

chemokines6 

CMV-

terminase 

Cytomegalovirus infection 

(Infectious diseases; A00-B99) 

Viral enzyme required for translocating viral 

genomic DNA in empty capsid during DNA 

packaging7 

Binding-site of this viral enzyme differs 

dramatically from that of any human proteins8 

Fungal LeuRS 
Onychomycosis 

(Infectious diseases; A00-B99) 

LeuRS plays a key role in fungal essential protein 

synthesis9 

Binding-site of fungal LeuRS is different from 

mammalian proteins10 

HCV NS3/4A 
Hepatitis C viral infection 

(Infectious diseases; A00-B99) 

NS3/4A is responsible for cleavage of the scissile 

peptide bonds in the polyprotein important for the 

HCV life cycle11 

Binding-site of this viral protease differs 

significantly from that of mammalian proteins11 

HCV NS5B 
Hepatitis C viral infection 

(Infectious diseases; A00-B99) 

NS5B plays a central role in HCV replication12 and 

its catalytic site is highly conserved across the 

different HCV genotypes13 

NS5B has no functional equivalent in mammalian 

cells, and is distinct in its binding-site12 

HIV integrase 
HIV infection 

(Infectious diseases; A00-B99) 

Viral enzyme required for viral replication and 

without cellular equivalent14 

Binding-site of this viral enzyme differs 

dramatically from that of any human proteins15 
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TB ATP 

synthase 

Multidrug-resistant tuberculosis 

(Infectious diseases; A00-B99) 

ATP synthase plays central role in TB's ATP 

synthesis16 

Binding-site of mycobacterial ATP synthase 

enzyme is highly selective compared to 

homologous eukaryotic enzyme17,18 

Alk 
Non-small-cell lung carcinoma 

(Neoplasms; C00-D49) 

Gene rearrangement is an oncogenic driver of ALK+ 

NSCLC19 

Target conformation is distinct from other IRK 

superfamily members20 

BCL-2 
Chronic lymphocytic leukemia 

(Neoplasms; C00-D49) 

Important determinant of chemotherapy-induced 

apoptosis21 and important in the pathogenesis and 

progression of CLL22 

Distinct functional domains in Bcl-223 and distinct 

features at the peptide-binding-site24 

BRaf 
Melanoma 

(Neoplasms; C00-D49) 

Dysregulated signaling through wildtype target is 

pivotal for renal and other cancers25 and activating 

mutations in the target is a driver of melanoma 

and other cancer26 

Binding-site with displaced DFG motif in wildtype 

and with a structurally different interior pocket 

specific to the mutant26,27 

Btk 
Mantle cell lymphoma 

(Neoplasms; C00-D49) 

Crucial for the survival or proliferation of leukaemic 

B cells28 

Active-site similar to TEC, Src and Abl family 

members, but allows selective covalent 

binding29,30 

CD19 

B-cell precursor acute 
lymphoblastic leukemia 

(Neoplasms; C00-D49) 

A B cell-specific antigen expressed on chronic 

lymphocytic leukemia cells31 

Unique among membrane immune protein 

complexes for selective peptide/mAb binding32 

CD38 
Multiple myeloma 

(Neoplasms; C00-D49) 

CD38 is active in the myeloma niche and lead a 

discontinuous chain of ectoenzymes whose final 

products are exploited by the neoplastic plasma 

cell as part of its local survival strategy33 and CD38 

directly contributed to the pathogenesis of chronic 

lymphocytic leukemia (CLL)34 

Specific binding-grooves localized in two beta-

strands of CD3835 and most malignant plasma 

cells overexpress CD38 at all stages of multiple 

myeloma36,37 
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CDK4/6 
Breast cancer 

(Neoplasms; C00-D49) 

CDK4 is required to maintain breast 

tumorigenesis38 and CDK6 is one of the three genes 

critical for the growth of triple-negative breast 

cancer39 

CDK4's conformation diverges from other family 

members of known structures40 and CDK6's 

binding domain also has structural variation with 

respect to other known family members39 

CTLA-4 
Melanoma 

(Neoplasms; C00-D49) 

CTLA-4 plays a key role in restraining the adaptive 

immune response of T-cells and enhancing the 

immune response against melanoma41 

Distinct motif within the cytoplasmic domain of 

CTLA-442-44 

CXCR4 

Autologous hematopoietic 
transplantation in patients with 
non-Hodgkin lymphoma and 
multiple myeloma 

(Neoplasms; C00-D49) 

A critical regulator of multiple myeloma homing45 

and critically involved in the survival and trafficking 

of normal and malignant B lymphocytes46 

Structural plasticity of binding-sites allows 

selective binding of drugs47 

CYP17A1 
Prostate cancer 

(Neoplasms; C00-D49) 

Prostate cancer is an androgen-dependent 

disease48 and CYP17 plays a critical role in the 

androgen biosynthesis49 

Distinct structural conformations of CYP17A1 

suggesting protein flexibility50 

Ganglioside 

GD2 

Neuroblastoma 

(Neoplasms; C00-D49) 

High level of expression and presented on the 

surface of most neuroblastoma cells51 

A disialoganglioside distinct in structure for the 

selective binding of human/mouse chimeric 

monoclonal antibody51 

HDAC 
Cutaneous T cell lymphoma 

(Neoplasms; C00-D49) 

HDAC activity is critical in establishing the tumor 

phenotype52 
Distinct histone binding-sites in HDAC53 
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IDH2 
Acute myeloid leukemia 

(Neoplasms; C00-D49) 

Mutations in IDH2 genes (mIDH2) occur in 

approximately 12% of patients with acute myeloid 

leukemia54 

Targeting a divalent cation binding residue can 

enable selective inhibition of mutant IDH1 and 

suggest that differences in magnesium binding 

between wild-type and mutant enzymes may 

contribute to the inhibitors' selectivity for the 

mutant enzyme55 

IL-6 
Multicentric Castleman disease 

(Neoplasms; C00-D49) 

MCD is caused by dysregulated production of IL-6 

in the lymph nodes56,57 
Structurally diverse and distinct cytokine57-59 

Jak2 
Myelofibrosis 

(Neoplasms; C00-D49) 

JAK2 V617F mutation in 50-60% of patients, 

dysregulation of JAK signaling is the major 

contributor to the disease60 

Flexible binding-site differs from other kinase 

sites in size and hydrophobicity61 

MEK 
Melanoma 

(Neoplasms; C00-D49) 

A key player and active in ~30% of cancers with 

activated MAPK signaling62 

Tumors harboring V600EB-RAF are sensitive to 

target inhibition63 and unique binding-site distinct 

from other ATP binding-sites and with low 

sequence homology to other kinases63 

PARP 
Ovarian cancer 

(Neoplasms; C00-D49) 

Critical for single-strand break repair relied upon 

by BRCA-deficient cancers64 

Binding-site with varied local conformation and 

residues among family members65 

PD-1 
Melanoma 

(Neoplasms; C00-D49) 

Unique antigen specific and cell intrinsic 

immunoregulation properties66 

Binding-site with different structural features and 

flexibility for selective peptide/mAb binding67 

PI3K delta 

Chronic lymphocytic leukemia 
and follicular lymphoma 

(Neoplasms; C00-D49) 

CLL depends on enzyme subtype which is localized 

to hematopoietic cells including CLL68 

Binding-site with varied residues and 

conformation flexibility69 

Ret 
Medullary thyroid cancer 

(Neoplasms; C00-D49) 
Play a central role in the targeted disease70 

Binding-site with slightly different side-chain 

conformations71 
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SLAMF7 
Multiple myeloma 

(Neoplasms; C00-D49) 

SLAMF7 appears to play a critical role in the 

interaction between multiple myeloma cells and 

their adhesion to bone marrow stromal cells72 

Binding-site with different structural features73,74 

and expressed primarily on myeloma cells but not 

on normal tissues73,74 

Smoothened 
Basal cell carcinoma 

(Neoplasms; C00-D49) 

Aberrant derepression of receptor drives basal cell 

carcinoma75 
Binding-site absent of most GPCR class A motifs76 

VEGF-A 
Colorectal cancer 

(Neoplasms; C00-D49) 

One of the most important factors in the 

development of colorectal cancer77 

Specific and saturable binding sites of VEGF on 

human umbilical vein endothelial cells78 

VEGFR2 
Renal cell carcinoma 

(Neoplasms; C00-D49) 

Fundamental reliance of renal cell carcinoma on 

VEGF signaling and thus the receptor79 

Binding-site structural variation with respect to 

close and remote kinases80 

Complement 

C5 

Paroxysmal nocturnal 
hemoglobinuria 

(Hematopathy; D50-D77) 

Complement-mediated hemolysis plays a role in 

the anemia of sickle cell disease (SCD)81 

Distinct binding sites on C5 preventing its 

activation82 

TPO-R 

Idiopathic thrombocytopenic 
purpura 

(Hematopathy; D50-D77) 

Thrombopoietin (TPO) regulates 

megakaryocytopoiesis during states of acute 

thrombocytopenia83 

Distinct drug binding-site distant from the TPO 

substrate binding-site84,85 

BDKRB2 
Hereditary angioedema 

(Immunodeficiency; D80-D89) 

Bradykinin-mediated B2 receptor plays an 

important role in the onset of angioedema86 

Significant decline of B(2) receptor binding-sites 

resulted by kindling-induced epilepsy87 

Plasma 

kallikrein 

Hereditary angioedema 

(Immunodeficiency; D80-D89) 

Critical role in hereditary angioedema 

pathogenesis88 
Distinct domain structure89 

APOB mRNA 
Familial hypercholesterolaemia 

(Metabolic disorders; E00-E89) 
Mutations caused hyperlipidemia90 

Targeted mRNA sequence not repeated 

throughout the human genome90 

Arylsulfatase B 
Mucopolysaccharidosis VI 

(Metabolic disorders; E00-E89) 

MPS VI is caused by a deficiency of the enzyme 

arylsulfatase B91 
Protein replacement therapy92 
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Beta-G1 
Sly syndrome 

(Metabolic disorders; E00-E89) 

MPS VII is caused by deficiency of the beta-

glucuronidase enzyme93 
Protein replacement therapy94 

CaSR 
Secondary hyperparathyroidism 

(Metabolic disorders; E00-E89) 

CaSR plays a central role in the development of 

secondary hyperparathyroidism95 and 

demonstrates the predominant role in controlling 

parathyroid gland function96 

Distinct allosteric binding-sites located in the 

heptahelical domain97 

CFTR 
Cystic fibrosis 

(Metabolic disorders; E00-E89) 
A cause of cystic fibrosis98 Target with unique regulatory region99 

CPS1 
Hyperammonaemia 

(Metabolic disorders; E00-E89) 

Deficiency of CPSase I causes life-threatening 

hyperammonaemia100,101 

A selective and allosterically active CPSase I 

conformation yielded by covalent AGA 

incorporation102 

DPP4 
Type 2 diabetes 

(Metabolic disorders; E00-E89) 

Target prevents the inactivation of a receptor that 

plays a central role in controlling postprandial 

blood sugar levels103 

Binding-site with residue variations and 

conformational flexibility to accommodate 

selective binding of substrates and drugs104 

GALNS 
Mucopolysaccharidosis IVA 

(Metabolic disorders; E00-E89) 

Deficiency in GALNS lead to accumulation of 

substrates, resulting in the development of 

morquio A syndrome105 

Protein replacement therapy106 

GLP-1 receptor 
Type 2 diabetes 

(Metabolic disorders; E00-E89) 

A central role in controlling postprandial blood 

sugar levels107 

Certain binding-site residues adopt agonist 

specific conformation to enable selective drug 

binding108 

Iduronate 2-

sulfatase 

Mucopolysaccharidosis II 

(Metabolic disorders; E00-E89) 

Iduronate 2-sulfatase (IDS) deficiency in humans 

result in the hunter syndrome109 
Protein replacement therapy110 
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Leptin 

receptor 

Congenital and acquired 
generalized lipodystrophy 

(Metabolic disorders; E00-E89) 

Crucial for energy homeostasis and regulation of 

food uptake111 

Substrate-selective binding-site with structural 

flexibility112 

Lysosomal 

lipase 

Lysosomal acid lipase deficiency 

(Metabolic disorders; E00-E89) 

LAL-D is characterized by the deficiency of 

lysosomal acid lipase which is caused by a 

congenital disorder of the lipid metabolism113 

Protein replacement therapy114 

PAH 
Hyperphenylalaninaemia 

(Metabolic disorders; E00-E89) 

Phenylketonuria (PKU) results in severe 

hyperphenylalaninemia115 and PAH plays a pivotal 

role in the severity PKU116 

An architecturally distinct tetramer conformation 

stabilized by the allosteric activator 

phenylalanine117 

PCSK9 
Familial hypercholesterolaemia 

(Metabolic disorders; E00-E89) 

A crucial protein in LDL cholesterol (LDL-C) 

metabolism118 

Specific substrate site accommodating selective 

mAb binding118 

Phosphatase 

AP-TNAP 

Hypophosphatasia 

(Metabolic disorders; E00-E89) 

Hypophosphatasia features selective deficiency of 

activity of the tissue non-specific alkaline 

phosphatase (TNSALP)119 

Protein replacement therapy120 

RAMP 
Type 1/2 diabetes 

(Metabolic disorders; E00-E89) 

RAMP is essential for the full functionality of CGRP 

which plays key role in the pathogenesis of 

diabetes121,122 

Distinct binding pockets via an allosteric 

mechanism123 

SC5A2 
Type 2 diabetes 

(Metabolic disorders; E00-E89) 

Major role in glucose homeostasis, counts for 90% 

of glucose reabsorption in the kidney124 

Binding-site conformational flexibility to 

selectively enable substrate entry and binding125 

TPP1 
Batten disease 

(Metabolic disorders; E00-E89) 

Mutations of the CLN2 gene encoding a soluble 

lysosomal enzyme, tripeptidyl peptidase 1 (TPP1), 

cause late infantile batten disease126 

Protein replacement therapy127 

Transfer 

protein MTP 

Familial hypercholesterolaemia 

(Metabolic disorders; E00-E89) 

Responsible for LDL disease caused by assembly of 

excessive LDL cholesterol128 

Target substrate-site specific for a particular class 

of lipids129 
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AMPA 

receptor 

Epilepsy 

(Nervous system; G00-G99) 

Fast synaptic excitation within and between brain 

regions relevant to epilepsy is mediated 

predominantly by AMPA receptors130 

Clearly distinct domain architecture of this 

homotetrameric structure131 

Dystrophin 

pre-mRNA 

Duchenne muscular dystrophy 

(Nervous system; G00-G99) 

Most DMD patients have a deletion of one or more 

exons (~68%)132 

mRNA sequence not repeated throughout human 

genome is selected for targeting133 

MT1/2 

receptor 

Insomnia 

(Nervous system; G00-G99) 

Melatonin MT1 and MT2 receptors located in 

hypothalamus play a pivotal role in the sleep-wake 

regulation134 

Pharmacologically distinct profiles and varied 

binding-sites of MT1 and MT2 receptors135 

Orexin 

receptor 

Insomnia 

(Nervous system; G00-G99) 

One of the critical regulators of sleep/wake 

states136 
Binding-site with a slightly different motif137 

S1PR1 
Multiple sclerosis 

(Nervous system; G00-G99) 
Regulator of and altered in disease138 Binding-site with distinguishing characteristics139 

SMN2 pre-

mRNA 

Spinal muscular atrophy 

(Nervous system; G00-G99) 

Homozygous loss of the gene survival of motor 

neuron (SMN) causes atrophy of proximal skeletal 

muscles and subsequently the spinal muscular 

atrophy (SMA)140 

Sequence of mRNA is distinct from that of the 

whole human genome141 

VLA-4 alpha 
Multiple sclerosis 

(Nervous system; G00-G99) 

Integrin alpha4 mediates organ-specific migration 

of immune cells to the inflamed brain, thereby 

playing the critical role in the pathogenesis of 

multiple sclerosis142 

Distinct antigenic sites on the alpha 4 chain (VLA-

4)143 

LFA-1 
Dry eye disease 

(Ophthalmopathy; H00-H59) 

LFA-1/ICAM-1 interaction plays important roles in 

the cell-mediated immune response and 

inflammation associated with dry eye disease 

(DED)144 

Structurally distinct145-147 
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ROCK 
Glaucoma 

(Ophthalmopathy; H00-H59) 

The Rho/ROCK pathway plays a role in adhesion 

molecule expression and inflammatory cell 

infiltration in endotoxin-induced uveitis148 

Binding-site structural variation with respect to 

close and remote kinases149 

HCN channel 
Heart failure 

(Circulatory system; I00-I99) 

Important role in the generation of cardiac 

pacemaker activity150 

Ligand-site with a nearby loop region structurally 

different from other homologs151 

PAR-1 
Myocardial infarction 

(Circulatory system; I00-I99) 

Solely responsible for rapid platelet-activation 

response in myocardial infarction152 

Selective covalent binding-site at non-exposed 

surface pocket different from most GPCRs153 

Renin 
Hypertension 

(Circulatory system; I00-I99) 

An over-active renin-angiotensin system leads to 

renovascular hypertension154,155 

Distinguished structural features of the active site 

of renin156 

sGC 

Chronic thromboembolic 
pulmonary hypertension 

(Circulatory system; I00-I99) 

Aberrant NO-sGC signaling has been linked to 

hypertension157 
Conformationally distinct sGC-CO complex158 

IL-5 
Asthma 

(Respiratory system; J00-J99) 

Crucial in the pathogenesis and evolution of 

eosinophilic asthma159,160 
IL-5's distinct structural motifs159,161,162 

PDE-4 

Chronic obstructive pulmonary 
disease 

(Respiratory system; J00-J99) 

PDE4 play an important role in psoriasis163 

Several distinct residues of the C-terminus extend 

into the ligand binding-site ensures PDE4's 

selectivity164 

Channel ANO1 
HIV-associated diarrhea 

(Digestive system; K00-K95) 

HIV protease inhibitors and chemotherapy agents 

induce diarrhea through intracellular Ca2+ 

dependent mechanisms that are partially driven by 

the channel ANO1165 

Target family with unique structure with respect 

to other membrane protein classes166 and target 

has low homology (<25%) to other family 

members167 

CLCN2 
Chronic idiopathic constipation 

(Digestive system; K00-K95) 

ClC-2 controls cell membrane transport of chloride 

ion168 and therefore modulates gastrointestinal 

neuromuscular functions169 

A more flexible noncoplanar conformation 

confers a larger affinity toward the inhibitory 

binding-site on ClC-2170 
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FXR 
Primary biliary cholangitis 

(Digestive system; K00-K95) 

PBC is cholestatic disease characterized by hepatic 

accumulation of bile acids171 and FXR is the 

receptor for primary bile acids by regulating its 

uptake172 

Novel and specific binding pocket localized near 

the loop region between helix 1 and helix 2173 

GC-C 

Irritable bowel syndrome with 
constipation 

(Digestive system; K00-K95) 

Unique mechanism in promoting colonic mucosa 

integrity174 

Only expressed at intestinal epithelial cells and 

CNS neuronal cells, specific ligand-site and 

flexibility of catalytic site for selective 

binding175,176 

GLP-2 
Short bowel syndrome 

(Digestive system; K00-K95) 

Bone loss experienced by short bowel syndrome 

(SBS) patients could reflect a reduced level of 

endogenous postprandial GLP-2 production, 

resulting in impaired attenuation in bone 

resorption177 

Protein replacement therapy178 

TPH 
Carcinoid syndrome diarrhea 

(Digestive system; K00-K95) 

TPH regulates the biosynthesis of serotonin in the 

gastrointestinal tract, and it is localized 

predominantly in gastrointestinal enteroendocrine 

cells. Serotonin activates the peristaltic reflexes, 

regulates gastrointestinal motility, and has a role in 

intestinal inflammation. Inhibition of TPH with 

novel molecules represents a new pharmacological 

tool in the successful management of carcinoid 

syndrome in patients with gastrointestinal 

neuroendocrine related diseases including 

carcinoid syndrome diarrhea179 

Selectivity of site/sequence, biochemical, and 

biophysical characterization of the allosteric site 

on TPH1 is achieved180 
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IL-12/23 p40 
Plaque psoriasis 

(Skin diseases; L00-L99) 
Critical for autoimmune encephalomyelitis181 Selective mAb binding-site182 

IL-17A 
Plaque psoriasis 

(Skin diseases; L00-L99) 

Cytokine IL-17A has significant role in the 

development of palmoplantar and pustular 

psoriasis183 

2 distinct binding pockets (beta-hairpin & alpha-

helix) on IL-17A represents direct structural 

evidence of binding site on IL-17A that functions 

to disrupt the interaction with its receptor184,185 

IL-1B 
Muckle-Wells syndrome 

(Skin diseases; L00-L99) 

Pivotal role in a number of autoinflammatory 

diseases including FCAS and MWS186-188 
Structurally diverse and distinct cytokine58 

IL-4R alpha 
Eczema 

(Skin diseases; L00-L99) 

IL-4 receptor alpha governs the signaling of IL-4 

and IL-13, which are key drivers of type 2/Th2-

mediated inflammation and atopic dermatitis189 

Interleukin-4 receptor α (IL-4Rα) chain is highly 

expressed in allergy and is needed to correctly 

balance immune responses190 

BLyS ligand 
Systemic lupus erythematosus 

(Bone diseases; M00-M99) 
A significant role in the autoimmune process191 

Key BLyS-binding residues in the binding site 

selective for mAb are presented from a beta-

turn192-194 

CD80/CD86 
Rheumatoid arthritis 

(Bone diseases; M00-M99) 

CD80 and CD86 play a determining role in allograft 

rejection195 and have opposing roles in regulation 

of xenotransplantation rejection, where CD80 

drives CMR and attenuates AVR while CD86 drives 

AVR196 

Distinct conformations but complementary roles 

of CD80 and CD86 IgV and IgC domains197 

IL-6R 
Rheumatoid arthritis 

(Bone diseases; M00-M99) 

Plays a key role in the development of rheumatoid 

arthritis198 

Unique binding-site of IL-6 allowing specific 

binding of mAb199 

Jak3 
Rheumatoid arthritis 

(Bone diseases; M00-M99) 

Expressed only in immune cells and only bound by 

gamma-chain-bearing cytokine receptors involved 

in the targeted diseases200 

Binding-site local conformation differs from other 

family members201 
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RANKL 
Osteoporosis 

(Bone diseases; M00-M99) 

Disease process of osteoporosis depends on 

RANKL202 

Binding-site with target specific structural 

features for selective mAb binding203 

ADRB3 
Overactive bladder 

(Urologic diseases; N00-N99) 

Polymorphism in the beta3-AR gene is weakly but 

significantly associated with overactive bladder 

syndrome204 

Atypical binding-site in beta 3 adrenoceptor 

different from other subtypes205 

IGF1 receptor 
Failure to thrive in children 

(Growth failures; R62) 
Essential for normal growth and development206 

ATP site with sequence variant region at the 

interlobe linker to potentially enable selective 

drug binding207 and peptide-substrate site 

influenced by remote residues enables selective 

peptide binding206 

Glucarpidase 
Delayed methotrexate clearance 

(Drug adverse effects; Y40-Y59) 

Significant toxicities are induced by delayed 

methotrexate clearance208 

Glucarpidase specifically cleaves MTX into 

nontoxic metabolites209 
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Supplementary Table S5: Human systems features of the innovative targets of first-in-class drugs approved in 2004-2017. These features include the family 

affiliation and drug-binding domain sequence similarity to the pre-existing targets (with drug approved before 2004), key network descriptors, human systems 

feature of the on-target (human protein-network topologies, modulated pathways and distributed tissues) and off-target (similarity proteins) collateral effects. 

Target Name 

Target Family 
(Affiliation to 
Pre-existing 
Targets) 

Sequence 
Similarity E-

value to 
Pre-existing 

Targets 

Orphan Drug Status 
Assigned (Assigned Date) 

Degree 
Neigh 

Connec 
No. of 

Pathway 
No. of 
Tissues 

No. of 
Similarity 
Proteins 

Biomarker / Drug 
Covalent Binding 

Human Targets of Small Molecular Drugs (40 targets in total, ordered by the time spend from clinical trial phase I to FDA approval) 

CPS1 
Carbon-nitrogen 
ligases (new) 

0.001 Carglumic Acid (01/20/1998) 20 11.5 2 2 6 None 

IDH2 
Oxidoreductase 
(old) 

0.003 Enasidenib (06/12/2014) 7 10.7 2 4 8 IDH2-mutated AML1 

PAH 
Oxidoreductase 
(old) 

6e-156 
Sapropterin Dihydrochloride 
(01/29/2004) 

4 4.3 1 1 3 None 

MT1/2 
receptor 

GPCR rhodopsin 
(old) 

1e-24 Tasimelteon (01/19/2010) 2 4.0 1 1 8 None 

BRaf Kinase (old) 1e-32 
Dabrafenib (01/12/2011) 
Sorafenib (12/12/2011) 
Vemurafenib (12/20/2010) 

15 23.7 5 1 14 
BRAF V600E/K 

mutation positive1. 

Btk Kinase (old) 3e-79 Ibrutinib (12/03/2012) 3 7.0 5 5 15 

Mutations in this gene 
cause X-linked 

agammaglobulinemia2. 
Ibrutinib is a covalent 

inhibitor of Btk3. 
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Smoothened 
GPCR frizzled 
(old) 

8e-04 None 7 5.9 1 3 8 None 

Alk Kinase (old) 1e-59 
Alectinib (01/27/2015) 
Ceritinib (09/27/2013) 
Crizotinib (09/13/2010) 

2 1.5 1 4 6 
ALK gene 

rearrangement 
positive1. 

CFTR 
Acid anhydrides 
hydrolase (old) 

8e-28 Ivacaftor (12/20/2006) 6 4.7 3 1 12 

CFTR G551D, G1244E, 
G1349D, G178R, 
G551S, S1251N, 

S1255P, S549N, S549R, 
R117H mutation1. 

Renin Peptidase (old) 9e-04 None 5 6.0 1 4 8 None 

LFA-1 Integrin (old) 0.001 None 6 10.7 2 4 5 None 

DPP4 Peptidase (old) 0.006 None 2 4.5 1 3 8 None 

CCR5 
GPCR rhodopsin 
(old) 

2e-41 None 12 14.8 2 3 8 CCR5-tropic HIV-11. 

CLCN2 
Chloride 
Carrier/Channel 
(new) 

0.002 None 1 1.0 1 3 9 None 

Orexin 
receptor 

GPCR rhodopsin 
(old) 

3e-34 None 3 4.7 1 1 18 None 

sGC 
Phosphorus-
oxygen lyase (old) 

0.002 Riociguat (09/19/2013) 3 4.3 8 2 17 None 
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VEGFR2 Kinase (old) 3e-105 

Cabozantinib (11/29/2010) 
Nintedanib (06/29/2011) 
Ramucirumab (02/16/2012) 
Sorafenib (12/12/2011) 
Vandetanib (10/21/2005) 

14 27.7 5 5 15 None 

Ret Kinase (old) 1e-74 

Cabozantinib (11/29/2010) 
Ponatinib (11/20/2009) 
Sorafenib (12/12/2011) 
Vandetanib (04/06/2011) 

25 25.0 1 2 10 Ret mutation positive1. 

MEK Kinase (old) 2e-23 Trametinib (12/20/2010) 15 31.3 10 4 9 None 

CaSR 
GPCR frizzled 
(old) 

3e-66 
Cinacalcet Hydrochloride 
(05/12/2003) 

3 37.7 1 3 23 
CaSR mutation 

positive1. 

HDAC 
Amidohydrolase 
(old) 

0.001 
Romidepsin (09/30/2004) 
Vorinostat (03/16/2004) 

16 29.3 1 3 5 None 

SC5A2 
Solute:sodium 
symporter (new) 

0.004 None 1 1.0 1 4 10 None 

TPH 
Oxidoreductase 
(old) 

9e-156 
Telotristat ethyl 
(03/09/2012) 

1 7.0 3 3 8 None 

BCL-2 Bcl-2 family (new) 0.032 Venetoclax (09/20/2012) 29 29.6 2 1 26 None 

PI3K delta Kinase (old) 2e-15 Idelalisib (10/15/2013) 27 20.4 14 5 6 None 

ADRB3 
GPCR rhodopsin 
(old) 

7e-33 None 1 23.0 6 3 20 None 
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CXCR4 
GPCR rhodopsin 
(old) 

4e-52 Plerixafor (07/10/2003) 15 75.5 5 2 7 None 

Jak3 Kinase (old) 4e-54 None 36 21.8 3 3 11 None 

CDK4/6 Kinase (old) 2e-24 None 15 26.0 3 5 27 None 

PAR-1 
GPCR rhodopsin 
(old) 

5e-31 None 13 8.5 5 5 7 None 

FXR 
Nuclear hormone 
receptor (old) 

9e-28 
Obeticholic Acid 
(04/09/2008) 

3 26.3 1 3 11 None 

S1PR1 
GPCR rhodopsin 
(old) 

4e-27 None 7 36.3 2 5 8 None 

PARP 
Pentosyl 
transferase (old) 

0.001 Olaparib (10/16/2013) 24 55.3 1 3 15 None 

PDE-4 
Sulfuric ester 
hydrolase (old) 

3e-171 None 11 21.2 2 4 24 None 

HCN channel 
Voltage-gated ion 
channel (old) 

9e-05 None 2 2.5 1 3 33 None 

Jak2 Kinase (old) 1e-53 Ruxolitinib (09/05/2008) 75 27.6 5 4 2 None 

Transfer 
protein MTP 

Vitellogenin lipid 
transport (new) 

0.005 Lomitapide (10/23/2007) 2 5.0 1 5 7 None 

ROCK Kinase (old) 5e-32 None 16 31.4 2 2 14 None 



59 

AMPA 
receptor 

Glutamate-gated 
Ion Channel 
(new) 

2e-23 None 8 14.9 6 2 17 None 

CYP17A1 
Oxidoreductase 
(old) 

2e-58 None 7 12.6 2 1 13 

Abiraterone inhibits 
CYP17A1 by selective 

and irreversible 
manner via covalent 
binding mechanism4. 

Human Targets of Biologics (41 targets in total, ordered by the time spend from clinical trial phase I to FDA approval) 

TPP1 Peptidase (old) 0.001 
Cerliponase alfa 
(04/01/2013) 

1 1.0 1 4 10 TPP1 deficiency1 

Beta-G1 Glycosylase (old) 1e-05 
Vestronidase alfa-vjbk 
(02/16/2012) 

1 5.0 2 4 10 None 

Lysosomal 
lipase 

Carboxylic ester 
hydrolases (old) 

0.011 Sebelipase Alfa (07/01/2010) 2 1.0 1 2 9 None 

Arylsulfatase 
B 

Sulfuric ester 
hydrolase (old) 

6e-04 Galsulfase (02/17/1999) 2 3.0 2 4 8 None 

GALNS 
Sulfuric ester 
hydrolase (old) 

0.011 Elosulfase Alfa (05/15/2009) 1 5.0 2 3 5 
Nacetylgalactosamine-
6-sulfatase deficient1 

PCSK9 Peptidase (old) 0.004 Evolocumab (09/12/2013) 1 5.0 1 6 7 Mutational biomarker5 

GLP-1 
receptor 

GPCR secretin 
(old) 

4e-86 None 5 10.2 2 2 14 None 
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RAMP 
RAMP family 
(new) 

7e-04 None 1 8.0 1 3 11 None 

VEGF-A 
Growth factor: 
VEGF (new) 

0.008 None 22 17.5 5 3 18 None 

Phosphatase 
AP-TNAP 

Phosphoric 
monoester 
hydrolase (old) 

0.009 Asfotase Alfa (09/12/2008) 1 3.0 1 2 8 None 

VLA-4 alpha Integrin (new) 0.003 None 10 12.0 4 4 3 None 

Complement 
C5 

Complement 
system (old) 

0.004 Eculizumab (08/20/2003) 5 5.6 1 3 4 None 

IL-12/23 p40 
Cytokine: 
interleukin (old) 

0.007 None 5 28.0 1 3 11 

Deficient IL-12/IL-23 
are vulnerable to 

disseminated 
infections1 

IL-1B 
Cytokine: 
interleukin (old) 

2e-05 Rilonacept (12/20/2004) 6 35.0 1 1 10 None 

GC-C 
Phosphorus-
oxygen lyase (old) 

2e-16 None 1 20.0 1 3 6 None 

PD-1 
Immunoglobulin 
(old) 

2e-05 
Nivolumab (01/23/2013); 
Pembrolizumab (11/19/2012) 

2 20.0 1 1 10 
High PD-L1 
expression1 

Plasma 
kallikrein 

Peptidase (old) 0.019 None 2 8.5 1 5 7 None 
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CTLA-4 
Immunoglobulin 
(old) 

5e-04 Ipilimumab (10/21/2010) 12 26.9 1 2 9 None 

APOB mRNA 
mRNA target 
(old) 

N.A. Mipomersen (05/23/2006) 5 3.4 2 3 8 None 

SLAMF7 
Immunoglobulin 
(old) 

0.003 Elotuzumab (09/01/2011) 1 20.0 1 3 4 None 

BLyS ligand 
Cytokine: tumor 
necrosis factor 
(old) 

5e-08 None 4 9.0 2 3 2 None 

IL-17A 
Cytokine: 
interleukin (old) 

0.002 None 8 19.6 1 3 3 None 

CD38 Glycosylase (old) 0.006 Daratumumab (05/06/2013) 2 39.5 3 6 2 None 

Channel 
ANO1 

Calcium-
dependent 
chloride channel 
(new) 

0.005 None 1 6.0 2 1 8 None 

IGF1 receptor Kinase (old) 4e-66 Mecasermin (12/12/1995) 28 58.9 11 4 9 None 

RANKL 
Cytokine: tumor 
necrosis factor 
(old) 

2e-11 None 5 50.4 3 2 10 None 

Ganglioside 
GD2 

Small molecular 
target (old) 

N.A. Dinutuximab (12/20/2010) 1 1.0 1 7 0 None 
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Iduronate 2-
sulfatase 

Sulfuric ester 
hydrolase (old) 

0.011 Idursulfase (11/28/2001) 27 1.0 2 4 17 None 

IL-6R 
Cytokine receptor 
(old) 

3e-07 None 16 23.3 5 3 15 None 

CD80/CD86 
Immunoglobulin 
(old) 

6e-04 Belatacept (02/20/2008) 6 12.7 1 3 25 None 

Dystrophin 
pre-mRNA 

mRNA target 
(old) 

N.A. Eteplirsen (10/23/2007) 21 6.3 1 3 9 None 

CD19 
Immunoglobulin 
(old) 

0.001 Blinatumomab (05/16/2008) 14 15.4 2 3 15 None 

GLP-2 
Hormone: 
glucagon (old) 

0.001 
Teduglutide Recombinant 
(06/29/2000) 

30 10.9 0 0 20 None 

IL-6 
Cytokine: 
interleukin (old) 

0.003 Siltuximab (05/26/2006) 32 21.9 1 3 17 None 

BDKRB2 
GPCR rhodopsin 
(old) 

6e-44 
Icatibant Acetate 
(11/25/2003) 

4 11.5 7 4 10 None 

SMN2 pre-
mRNA 

mRNA target 
(old) 

N.A. Nusinersen (04/18/2011) 12 32.3 1 4 16 Deficiency biomarker6 

TPO-R 
Cytokine receptor 
(old) 

0.003 
Eltrombopag (05/05/2008); 
Romiplostim (03/27/2003) 

4 42.3 1 3 8 None 

Leptin 
receptor 

Cytokine receptor 
(old) 

6e-05 Metreleptin (08/22/2001) 4 34.5 3 5 5 None 
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Glucarpidase Peptidase (old) N.A. Glucarpidase (08/19/2003) 8 1.0 0 0 14 None 

IL-4R alpha 
Cytokine receptor 
(old) 

0.007 None 16 23.1 4 4 13 None 

IL-5 
Cytokine: 
interleukin (old) 

2e-04 None 12 25.3 1 1 3 None 

Infectious Disease Species Targets (8 targets in total, ordered by the time spend from clinical trial phase I to FDA approval) 

HIV integrase Integrase (old) 0.002 None 1 1.0 0 P 6 None 

HCV NS5B Integrase (old) 7e-04 None 1 1.0 0 1 12 None 

Anthrax PA 
Bacterial binary 
toxin (new) 

5e-04 Raxibacumab (11/12/2003) 2 1.0 0 3 2 None 

TB ATP 
synthase 

Acid anhydrides 
hydrolase (old) 

6e-04 
Bedaquiline Fumarate 
(01/10/2005) 

1 7.0 0 0 17 None 

HCV NS3/4A Peptidase (old) 0.005 None 2 1.0 0 1 12 None 

Fungal LeuRS 
Carbon-oxygen 
ligases (new) 

0.026 None 1 1.0 0 0 5 None 

C. difficile 
toxin B 

Peptidase (old) 0.006 None 3 1.0 0 0 4 None 

CMV-
terminase 

Sulfuric ester 
hydrolase (old) 

0.003 Letermovir (12/12/2011) 1 1.0 0 P 6 None 
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Supplementary Table S6: The population-based disease characteristics of the innovative infectious species targets of first-in-class drugs approved in 2004-2017. 

These features include the population size of and threat level to the targeted patient of the 8 infectious disease species targets (ordered by the time spend from 

clinical trial phase I to FDA approval). 

Target Name Disease 
Time Spend on Clinical Trial 

Progression (by month) 
Affected Population of 

the Targeted Disease 
Estimated Number of 

Death Population per year 
Other Life-threatening 

Disease or Problem Caused 

HIV integrase HIV infection 82 29.23 million1 25,5792 
Collapse of human immune 
system3 

HCV NS5B 
Hepatitis C viral 
infection 

86 147.83 million1 5052 
Oncogenic virus infection 
inducing liver cancer4 

Anthrax PA Anthrax 89 0.0035 million5 56 
Terrorist attack and 
weaponization7 

TB ATP synthase 
Multidrug-resistant 
tuberculosis 

109 3.67 million1 1,5282 
Life-threatening TB-induced 
sepsis8 

HCV NS3/4A 
Hepatitis C viral 
infection 

119 147.83 million1  5052 
Oncogenic virus infection 
inducing liver cancer 4 

Fungal LeuRS Onychomycosis 122 600 million9 N.A. 
Not a life-threatening 
disease10 

C. difficile toxin B 
Clostridium difficile 
infection recurrence 

127 1.5 million11 <1,3322,* 
Induced non-life-threatening 
diseases like enteritis12 

CMV-terminase 
Cytomegalovirus 
infection 

146 2.5 million13 392 
Generally not regarded to be 
oncogenic virus infection14 

* 1,332 refers to all death population per year for Clostridium difficile infection, and the number for Clostridium difficile infection recurrence should be <1,332 
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Supplementary Table S7: The population-based disease characteristics of the innovative non-infectious species targets of first-in-class drugs approved in 2004-

2017. These features include the population size of and threat level to the targeted patients of 81 non-infectious species targets (ordered by the disease classes 

and the time spend from clinical trial phase I to FDA approval). CA: Canada; EU: Europe; FR: France; IE: Ireland; IN: India; IR: Iran; JP: Japan; UK: United Kingdom. 

Target 
Name 

Time Spend on 
Clinical Trial 

Progression (by 
month) 

Disease Disease Class 

Affected 
Population 
of Targeted 
Disease 

Estimated No. 
of Death 
Population per 
year 

Other Life-threatening Disease or 
Problem Caused 

IDH2 48 Acute myeloid leukemia Neoplasms 0.44 million1 0.01 million2 
If left untreated, death usually ensues within 
months of diagnosis3 

BRaf 57 Melanoma Neoplasms 3.10 million4 0.06 million4 
Sometimes it results in brain metastases, 
which is fatal5 

Btk 57 Mantle cell lymphoma Neoplasms 
0.10 

million1,6,7 
In US, <0.001 

million8 
Life-threatening, slow-growing cancers which 
involves accumulation of cancerous B-cell9,10 

Smoothened 57 Basal cell carcinoma Neoplasms 0.10 million6 0.001 million6 
Damaging the tissue around but is unlikely to 
spread to distant areas or to result in death11 

Alk 64 
Non-small-cell lung 
carcinoma 

Neoplasms 
In US, 0.20 
million12,13 

0.13 million14 
Life-threatening and accounts for about 85% 
of all lung cancers13 

VEGF-A 81 Colorectal cancer Neoplasms 
100.00 

million15 
33.00 million15 

Cell metastasis of this type of cancer is the 
major cause of death15 

PD-1 97 Melanoma Neoplasms 3.10 million4 0.06 million1 
Accounting for 1% of skin cancers but causes 
a large majority of skin cancer deaths16 

VEGFR2 99 Renal cell carcinoma Neoplasms 0.24 million17 0.10 million17 
Metastasis of this type of cancer is the most 
critical cause of death17 

CTLA-4 102 Melanoma Neoplasms 3.10 million4 0.06 million1 
Accounting for 1% of skin cancers but causes 
a large majority of skin cancer deaths16 

Ret >104 Medullary thyroid cancer Neoplasms 0.04 million4,18 0.0008 million19 
Two-thirds of the patients with the sporadic 
forms of cancer died with metastases20 

SLAMF7 107 Multiple myeloma Neoplasms 0.43 million21 0.10 million1 
One typical type of the invariably deadly 
plasma cell cancers22 
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MEK 107 Melanoma Neoplasms 3.10 million4 0.15 million6 
Accounting for 1% of skin cancers but causes 
a large majority of skin cancer deaths5 

CD38 110 Multiple myeloma Neoplasms 0.43 million21 0.10 million1 
One typical type of the invariably deadly 
plasma cell cancers22 

HDAC 110 Cutaneous T cell lymphoma Neoplasms 
In CA, 0.007 

million23 
In CA, 0.00001 

million23 
Increasing the risk of type 2 diabetes, and 
causing secondary cancers24 

BCL-2 114 
Chronic lymphocytic 
leukemia 

Neoplasms 0.46 million6 0.05 million6 
Many serious complications including 
Hodgkin's lymphoma, acute leukemia, etc.25 

PI3K delta 114 
Chronic lymphocytic 
leukemia 

Neoplasms 0.46 million6 0.05 million6 
Many serious complications including 
Hodgkin's lymphoma, acute leukemia, etc.25 

Ganglioside 
GD2 

116 Neuroblastoma Neoplasms 
In US, 0.019 

million26 
0.005 million26 

Embryonal malignancy of the sympathetic 
nervous system26 

CXCR4 120 
Autologous hematopoietic 
stem-cell transplantation 

Neoplasms 0.25 million1 0.11 million1 
Lymphomas-related rejection can affect any 
organ in the body27 

CDK4/6 122 Breast cancer Neoplasms 21.36 million4 0.50 million28 
Cell metastasis of this type of cancer is the 
major cause of death29 

CD19 126 
B-cell precursor acute 
lymphoblastic leukemia 

Neoplasms 0.44 million1 0.30 million1 
One of the most commonly encountered 
pediatric malignancies30 

IL-6 128 
Multicentric Castleman 
disease 

Neoplasms 
In US, ~0.006 

million31 
N.A. 

Many serious complications including 
lymphoma could lead to death32 

PARP 131 Ovarian cancer Neoplasms 0.79 million6 0.12 million6 
Cell metastasis of this type of cancer is the 
major cause of death33 

Jak2 >147 Myelofibrosis Neoplasms 
In US, 0.016 

million34 
In US, 0.00001 

million8 
Increasing the susceptibility to infection, 
such as pneumonia35 

CYP17A1 343 Prostate cancer Neoplasms 5.70 million6 0.50 million6 
Leading to metastatic prostate cancer and 
bone pain; Compressing the spinal cord36 

CPS1 37 Hyperammonaemia 
Metabolic 
disorders 

In US, 0.16 
million37 

N.D.D.38 
Generally not considered as a life-
threatening disease38 

TPP1 43 Batten disease 
Metabolic 
disorders 

In EU, 0.026 
million39 

0.026 million39 
Fatal disease which inevitably results in 
premature death39 
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Beta-G1 49 Sly syndrome 
Metabolic 
disorders 

In JP, 0.00001 
million40 

N.A. 
Many serious complications including cardiac 
failure, post-traumatic organ failure, etc.41 

PAH 54 Hyperphenylalaninaemia 
Metabolic 
disorders 

In IR, 0.015 
million42 

N.D.D.43 
Generally not considered as a life-
threatening disease43 

Lysosomal 
lipase 

55 
Lysosomal acid lipase 
deficiency 

Metabolic 
disorders 

0.10 million44 N.A. 
Leading to serious problems such as heart 
attack, stroke and liver failure45 

Arylsulfatase 
B 

56 Mucopolysaccharidosis VI 
Metabolic 
disorders 

In JP, 0.00003 
million40 

N.A. 
Many serious complications including cardiac 
failure, post-traumatic organ failure, etc.41 

GALNS 58 Mucopolysaccharidosis IVA 
Metabolic 
disorders 

In JP, 0.00005 
million40 

N.A. 
Many serious complications including cardiac 
failure, post-traumatic organ failure, etc.41 

PCSK9 68 
Familial 
hypercholesterolaemia 

Metabolic 
disorders 

10.00 million46 0.20 million46 
Common inherited lipid disorder that greatly 
increases the risk for cardiovascular disease46 

GLP-1 
receptor 

73 Type 2 diabetes 
Metabolic 
disorders 

360.00 
million47 

1.50 million47 
Resulting in ischemic heart disease, stroke 
and kidney failure, which are fatal47 

CFTR 74 Cystic fibrosis 
Metabolic 
disorders 

In IE, 0.004 
million48 

In US, 0.0005 
million8 

Many serious complications including liver 
disease could lead to death49 

RAMP 76 Type 1/2 diabetes 
Metabolic 
disorders 

435.33 
million6 

In US, 0.02 
million8 

Resulting in ischemic heart disease, stroke 
and kidney failure, which are fatal50 

Phosphatase 
AP-TNAP 

85 Hypophosphatasia 
Metabolic 
disorders 

In US, ~0.01 
million51 

N.A. 
Ranging from extreme life-threatening forms 
to premature exfoliation of their teeth52 

DPP4 90 Type 2 diabetes 
Metabolic 
disorders 

360.00 
million47 

1.50 million47 
Resulting in ischemic heart disease, stroke 
and kidney failure, which are fatal47 

APOB mRNA 107 
Familial 
hypercholesterolaemia 

Metabolic 
disorders 

10.00 million46 0.20 million46 
Common inherited lipid disorder that greatly 
increases the risk for cardiovascular disease46 

CaSR 109 
Secondary 
hyperparathyroidism 

Metabolic 
disorders 

In US, 15.60 
million53 

In JP, 0.008 
million54 

Increasing the risk for the cardiovascular 
mortality54 

SC5A2 113 Type 2 diabetes 
Metabolic 
disorders 

360.00 
million47 

1.50 million47 
Resulting in ischemic heart disease, stroke 
and kidney failure, which are fatal47 

Iduronate 2-
sulfatase 

117 Mucopolysaccharidosis II 
Metabolic 
disorders 

0.002 million55 
In US, 0.00002 

million8 
All patients suffering from this disease have 
reduced life expectancy56 
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Leptin 
receptor 

156 Generalized lipodystrophy 
Metabolic 
disorders 

0.0001 
million57 

N.D.D.58 
Rare disorder characterized by loss of 
adipose tissue and low leptin levels58 

Transfer 
protein MTP 

175 
Familial 
hypercholesterolaemia 

Metabolic 
disorders 

10.00 million46 0.20 million46 
Common inherited lipid disorder that greatly 
increases the risk for cardiovascular disease46 

MT1/2 
receptor 

56 Insomnia 
Nervous system 
diseases 

1,480.00 
million59 

N.D.D.60 
Generally not considered as a life-
threatening disease60 

VLA-4 alpha 86 Multiple sclerosis 
Nervous system 
diseases 

2.30 million61 
In US, 0.003 

million8 
Neurological symptom with autonomic, 
visual, motor and sensory problems62 

Orexin 
receptor 

99 Insomnia 
Nervous system 
diseases 

1,480.00 
million59 

N.D.D.60 
Generally not considered as a life-
threatening disease60 

Dystrophin 
pre-mRNA 

124 
Duchenne muscular 
dystrophy 

Nervous system 
diseases 

0.19 million63 
In US, <0.0007 

million8 
Common type of muscular dystrophy with 
average life expectancy of 2663 

S1PR1 >127 Multiple sclerosis 
Nervous system 
diseases 

2.30 million61 
In US, 0.003 

million8 
Neurological symptom with autonomic, 
visual, motor and sensory problems62 

SMN2 pre-
mRNA 

132 Spinal muscular atrophy 
Nervous system 
diseases 

In US, <0.02 
million/year64 

In US, 0.0055 
million8 

The leading genetic cause of the infant 
mortality65 

AMPA 
receptor 

190 Epilepsy 
Nervous system 
diseases 

45.93 million6 
In US, 0.0008 

million8 
Mortality is related to status epilepticus and 
sudden unexpected death in epilepsy66 

CLCN2 93 
Chronic idiopathic 
constipation 

Digestive system 
diseases 

In US, 45.60 
million67 

N.D.D.68 
Generally not considered as a life-
threatening disease68 

GC-C 97 
Irritable bowel syndrome 
with constipation 

Digestive system 
diseases 

In US, 45.90 
million67 

N.D.D.68 
Generally not considered as a life-
threatening disease68 

TPH 113 
Carcinoid syndrome 
diarrhea 

Digestive system 
diseases 

0.50 
million65,69 

In US, 0.00004 
million8 

The substances secreted by carcinoid cells 
upon cardiovascular systems can be fatal70 

Channel 
ANO1 

114 HIV-associated diarrhea 
Digestive system 
diseases 

33.21 million71 0.94 million72 
Diarrhea is a side effect of drugs used to 
treat HIV, or it is accompany HIV infection73 

FXR 124 Primary biliary cholangitis 
Digestive system 
diseases 

In CA, 1.11 
million74 

In US, 0.0005 
million8 

Increasing the risk of hepatocellular 
carcinoma compared to general population75 

GLP-2 128 Short bowel syndrome 
Digestive system 
diseases 

0.03 million76 N.D.D.76 
Generally not considered as a life-
threatening disease76 
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BLyS ligand 109 
Systemic lupus 
erythematosus 

Bone diseases 
In US, 0.32 

million77 
In US, 0.001 

million78 
Many complications including organ failure 
and infection could lead to death79 

RANKL 115 Osteoporosis Bone diseases 
In EU, 27.60 

million80 
In EU, 0.00380 

Resulting in increased risk of the fragility 
fractures80 

IL-6R 119 Rheumatoid arthritis Bone diseases 24.49 million4 0.049 million81 
Primarily affecting joints and other organs in 
more than 15-25% of patients82 

Jak3 120 Rheumatoid arthritis Bone diseases 24.49 million4 0.049 million81 
Primarily affecting joints and other organs in 
more than 15-25% of patients83-85 

CD80/CD86 121 Rheumatoid arthritis Bone diseases 24.49 million4 0.049 million81 
Primarily affecting joints and other organs in 
more than 15-25% of patients82 

Renin 74 Hypertension 
Circulatory system 
diseases 

972.00 
million86 

9.40 million87 
A major risk factor for coronary artery 
disease, stroke, heart failure88 

sGC 99 
Chronic thromboembolic 
pulmonary hypertension 

Circulatory system 
diseases 

In FR, 0.001 
million89 

In US, 0.0002 
million90 

Resulting in right heart failure and thus 
leading to death91 

PAR-1 123 Myocardial infarction 
Circulatory system 
diseases 

7.00 million92 
In IN, 1.46 

million93 
Resulting in cardiogenic shock and can lead 
to sudden death94 

HCN channel 146 Heart failure 
Circulatory system 
diseases 

63.60 million6 7.78 million6 
Life-threatening disease that could results in 
ischemic stroke95 

IL-12/23 p40 88 Plaque psoriasis Skin diseases 65.13 million6 
In US, <0.00003 

million8 
Can be fatal as the extreme inflammation 
and exfoliation disrupt the body's ability96 

IL-1B 95 Muckle-Wells syndrome Skin diseases 0.037 million97 N.A. 
Resulting in proteinuria and leading to renal 
failure97 

IL-17A 109 Plaque psoriasis Skin diseases 65.13 million6 
In US, <0.00003 

million8 
Generally not considered as a life-
threatening disease98 

IL-4R alpha 164 Eczema Skin diseases 85.59 million4 N.D.D.99 
Very stressful and frustrating condition, and 
can make daily life uncomfortable99 

Complement 
C5 

87 
Paroxysmal nocturnal 
hemoglobinuria 

Hematopathy 
In UK, 0.00006 

million100 
In UK, 0.00001 

million100 
Resulting in hemolytic anemia and aplastic 
anemia, which are fatal101 

TPO-R 152~163 
Idiopathic 
thrombocytopenic purpura 

Hematopathy 
In US, 0.002 

million102 
In US, 0.0003 

million8 
Generally not considered as a life-
threatening disease102 
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Plasma 
kallikrein 

102 Hereditary angioedema Immunodeficiency 
In US, 0.006 

million103 
In US, 0.00005 

million103 
Potentially life-threatening which primarily 
from laryngeal edema and asphyxiation104 

BDKRB2 132 Hereditary angioedema Immunodeficiency 
In US, 0.006 

million103 
In US, 0.00005 

million103 
Potentially life-threatening which primarily 
from laryngeal edema and asphyxiation104 

LFA-1 83 Dry eye disease Ophthalmopathy 
In US, <4.00 

million105 
N.D.D.60 

Generally not considered as a life-
threatening disease106 

ROCK 186 Glaucoma Ophthalmopathy 
60.50 

million107 
N.D.D.108 

People with primary open angle glaucoma 
do not have increased mortality rates108 

PDE-4 138 
Chronic obstructive 
pulmonary disease 

Respiratory 
system diseases 

261.60 
million6 

In US, 0.1 
million8 

Resulting in ischemic heart disease, high 
blood pressure, diabetes mellitus, etc.109 

IL-5 167 Asthma 
Respiratory 
system diseases 

241.69 
million21 

In US, 0.004 
million8 

Chronic respiratory disease that causes 
substantial morbidity and mortality110 

IGF1 receptor 115 Failure to thrive in children Growth failures 
In US, 5~10% 

children111 
N.D.D.112 

Generally not considered as a life-
threatening disease112 

CCR5 91 HIV infection 
Infectious 
diseases 

36.90 
million113 

0.94 million113 
Interfering with immune system and 
increasing the risk of infections114 

ADRB3 117 Overactive bladder Urologic diseases 
1221.00 

million115 
N.D.D.116 

Generally not considered as a life-
threatening disease116 
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