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Portugal; 58Telethon Institute of Genetics and Medicine (TIGEM), Pozzuoli, Naples, Italy; 59Ohio State University, Department of Microbial Infection 
and Immunity, and the Infectious Disease Research Institute, Columbus, OH, USA; 60Save as Ravi Manjithaya; 61University of California, San 
Francisco, San Francisco, CA, USA; 62Aarhus University, Department of Molecular Biology and Genetics, Aarhus C, Denmark; 63Departments of 
Pharmacology and Toxicology, and Neurology, The University of Alabama at Birmingham, Birmingham, AL, USA; 64Federal University of São Paulo, 
Department of Medicine, Nephrology Division, Laboratory of Clinical and Experimental Immunology, São Paulo, SP, Brazil; 65Universidade Nove de 
Julho (UNINOVE), Faculty of Pharmacy, São Paulo, SP, Brazil; 66Cedars-Sinai Medical Center, Smidt Heart Institute, Los Angeles CA, USA; 67University 
of Bologna, Department of Pharmacy and Biotechnology, Bologna, Italy; 68City of Hope Comprehensive Cancer Center, Beckman Research Institute, 
Department of Diabetes Complications and Metabolism, Duarte, CA, USA; 69University of Tennessee, Department of Chemical and Biomolecular 
Engineering, Knoxville, TN, USA; 70Northeast Ohio Medical university, Department of Anatomy & Neurobiology, Rootstown, OH, USA; 
71iNOVA4Health Chronic Diseases Research Center (CEDOC), Faculdade de Ciências Médicas, Universidade Nova de Lisboa, Lisboa, Portugal; 72Max 
Planck Institute for Biology of Ageing and CECAD, University of Cologne, Germany; 73School of Biochemistry, Faculty of Life Sciences, University of 
Bristol, Bristol, UK; 74University of Helsinki, Molecular and Integrative Biosciences Research Programme, Helsinki, Finland; 75Université Paris-Saclay, 
INSERM ,UMR-S 1193, Châtenay-Malabry, France; 76University of Valencia, Faculty of Medicine, Department of Pharmacology, Valencia, Spain; 
CIBERehd (Centre for Networked Biomedical Research in Hepatic and Digestive Diseases), Valencia, Spain; 77National Institute of Neuroscience, 
National Center of Neurology and Psychiatry, Department of Peripheral Nervous System Research, Kodaira, Tokyo, Japan; 78Osaka University, 
Graduate School of Dentistry, Osaka, Japan; 79Tokyo University of Pharmacy and Life Sciences, School of Life Sciences, Hachioji, Horinouchi, Tokyo, 
Japan; 80Universidade Federal de Viçosa, Departamento de Biologia Vegetal, Viçosa, MG, Brazil; 81The Jikei University School of Medicine, Division of 
Respiratory Disease, Departent of Internal Medicine, Tokyo, Japan; 82Newcastle University, Biosciences Institute, Newcastle Upon Tyne, UK; 
83Instituto Cajal, Consejo Superior de Investigaciones Científicas (CSIC) and CIBERFES, Madrid, Spain; 84University of Seville, Faculty of Pharmacy, 
Department of Physiology, Seville, Spain; 85Albert Einstein College of Medicine, Department of Medicine, Bronx, NY, USA; 86Howard University 
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College of Medicine, Department of Anatomy, Washington D.C., USA; 87Tohoku University, Graduate School fo Life Sciences, Sendai, Miyagi, Japan; 
88University of Michigan, Life Sciences Institute, Ann Arbor, MI, USA; 89Imperial College London, MRC Centre for Molecular Bacteriolgy and Infection, 
Department of Microbiology, London, UK; 90Toulouse University, CNRS, UPS, Center for Integrative Biology (CBI), Research Center on Animal 
Cognition (CRCA), Toulouse, France; 91Iowa State University, Department of Genetics, Development and Cell Biology, Roy J. Carver Co-Laboratory, 
Ames, IA, USA; 92Universidad Nacional de Cordoba, Laboratorio de Oncohematología, Hospital Nacional de Clínicas, CONICET, Córdoba, Argentina; 
93York College/The City University of New York, Department of Biology, Jamaica, NY, USA; 94Translational Genomics Group, Incliva Health Research 
Institute, Burjasot, Valencia, Spain; Interdisciplinary Research Structure for Biotechnology and Biomedicine (ERI BIOTECMED), University of Valencia, 
Burjasot, Valencia, Spain; 95University of Palermo, Department of Biological, Chemical and and Pharmaceutical Sciences and Technologies, Palermo, 
Italy; 96Albert Einstein College of Medicine, Department of Molecular Pharmacology, Bronx, NY, USA; 97Faculty of Engineering and Natural Sciences, 
Sabanci University, Orta Mahalle, Üniversite Caddesi No. 27, Orhanlı, Tuzla, 34956 Istanbul, Turkey; Sabanci University Nanotechnology Research 
and Application Center (SUNUM), Tuzla, 34956, Istanbul, Turkey; 98Meir Medical Center, Translational Hemato-Oncology Laboratory, Kfar-Saba, 
Israel; Tel Aviv University, Department of Human Molecular Genetics and Biochemistry, Sackler School of Medicine, Tel Aviv, Israel; 99The Institute of 
Genetics and Animal Biotechnology, Polish Academy of Sciences, Magdalenka, Poland; Ludwig Boltzmann Institute for Digital Health and Patient 
Safety, Medical University of Vienna, Vienna, Austria; Institute of Neurobiology, Bulgarian Academy of Sciences, Sofia, Bulgaria; Department of 
Pharmacognosy, University of Vienna, Vienna, Austria; 100University of Pittsburgh Medical Center, Department of Critical Care Medicine, Department 
of Pediatrics, Safar Center for Resuscitation Research and the Children’s Hospital of Pittsburgh, Pittsburgh, PA, USA; 101University of Nice, 
Mediterranean Center for Molecular Medicine, Inserm U1065, Nice, France; 102Imperial College London, Faculty of Medicine, London, UK; 
103Departments of Pharmacology and Microbiology, University of Maryland School of Medicine, Baltimore, MD, USA; Stanford University School of 
Medicine Stanford, CA, USA; 104University of Turin, Department of Clinical and Biological Sciences, Turin, Italy; 105University of Milan, Department of 
Health Sciences, Milano, Italy; 106Universidad de Santiago de Chile, Faculty of Chemistry and Biology, Department of Biology, Santiago, Chile; 
107Fondazione Istituto di Ricerca Pediatrica Città della Speranza, Neuroblastoma Laboratory, Padua, Italy; 108The Hebrew University of Jerusalem, 
Alexander Silberman Institute of Life Sciences, Department of Plant and Environmental Sciences, Edmond Safra Campus, Jerusalem, Israel; 109Tulane 
Health Sciences Center, Department of Pathology and Laboratory Sciences, New Orleans, LA, USA; 110Melbourne Dementia Research Centre, The 
Florey Institute of Neuroscience & Mental Health, The University of Melbourne, Parkville, VIC, Australia; 111University of Arkansas for Medical 
Sciences, Department of Geriatrics, Little Rock, AR, USA; 112University of Malta, Department of Physiology & Biochemistry, Msida, Malta; 113Kogakuin 
University, Research Institute for Science and Technology, Hachioji, Tokyo, Japan; 114Albert Einstein College of Medicine, Departments of Molecular 
Pharmacology and Biochemistry, Bronx, NY, USA; 115Eastern Michigan University, Department of Chemistry, Ypsilanti, MI, USA; 116Hanyang 
University, College of Pharmacy, Ansan, Gyeonggido, Korea; 117Yonsei University College of Medicine, Severance Biomedical Science Institute, Seoul, 
Korea; 118University of Massachusetts Medical School, Department of Molecular, Cell and Cancer Biology, Worcester, MA, USA; 119Konkuk University, 
Department of Bioscience and Biotechnology, Seoul, Korea; 120Ajou University, College of Pharmacy and Research Institute of Pharmaceutical 
Science and Technology (RIPST), Suwon, Korea; 121Seoul National University, Department of Biological Sciences, Seoul, South Korea; 122University of 
Calabria, Department of Pharmacy, Health Science and Nutrition, Section of Preclinical and Translational Pharmacology, Cosenza, Italy; 123Adam 
Mickiewicz University/Faculty of Biology, Institute of Experimental Biology, Department of General Botany, Poznan, Poland; 124Iowa State University, 
Department of Genetics, Development, and Cell Biology, Ames, IA, USA; 125Kunming University of Science and Technology, Medical School, 
Kunming, Yunnan, China; 126National Jewish Health, Department of Academic Affairs, Denver, CO, USA; 127University of Texas Health Science Center 
at San Antonio, Department of Cell Systems and Anatomy, San Antonio, TX, USA; 128Jadavpur University, Department of Mathematics, Centre for 
Mathematical Biology and Ecology, Kolkata, India; 129Karolinska Institute, Department of Cell and Molecular Biology, Stockholm, Sweden; 
130University of Genoa, Department of Earth, Environment and Life Sciences, Genoa, Italy; 131University of Siena, Department of Life Sciences, Siena, 
Italy; 132University of Urbino Carlo Bo, Department of Biomolecular Sciences, Urbino (PU), Italy; 133Telethon Institute of Genetics and Medicine 
(TIGEM), Naples, Italy; Baylor College of Medicine, Houston, TX, USA; 134University of Naples Federico II, Department of Translational Medical 
Sciences, Naples, Italy; 135Institute for Research and Technology in Food and Agriculture (IRTA), Animal Breeding and Genetics Programme, Caldes 
de Montbui, Spain; 136Max Planck Institute of Molecular Plant Physiology, Potsdam-Golm, Germany; 137UCL Queen Square Institute of Neurology, 
Reta Lila Weston Institute, London, UK; 138Middle East Technical University, Department of Biological Sciences, Ankara, Turkey; 139University of 
Miami, Department of Surgery and Sylvester Comprehensive Cancer Center, Miami, FL, USA; 140University of Miami, Department of Surgery, Miami, 
FL, USA; 141Université Côte D'Azur, CNRS, Inserm, Institut de Biologie Valrose, Nice, France; 142School of Agriculture and Biology, Shanghai Jiao Tong 
University, Shanghai, China; 143Universidade de São Paulo. Department of Biochemistry, Institute of Chemistry, Sao Paulo, Brazil; 144University of 
Bologna, Department of Biomedical and Neuromotor Sciences, Bologna, Italy; 145University of Rome Tor Vergata, Department of Biology, Rome, 
Italy; Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Fondazione Santa Lucia, Laboratory of Cell Signaling, Rome, Italy; 146Edinburgh 
Napier University, School of Applied Sciences, Edinburgh, UK; 147University of Michigan, Department of Neurology, Ann Arbor, MI, USA; 
148Pulmonology Department, Hospital del Mar-IMIM, Pompeu Fabra University, CIBERES, Barcelona, Spain; 149University of Limerick, Department of 
Biological Sciences, Limerick, Ireland; University of Limerick, Health Research Institute, Limerick, Ireland; 150Danish Cancer Society Research Center, 
Copenhagen, Denmark; 151Rice University, Department of Biosciences, Houston, TX, USA; 152Columbia University, Department of Medicine, New 
York, NY, USA; 153Jawaharlal Nehru Centre for Advanced Scientific Research, Molecular Biology and Genetics Unit, and Neuroscience Unit, 
Autophagy Laboratory, Jakkur, Bangalore, India; 154ICAR-Indian Veterinary Research Institute, FMD Vaccine Research Laboratory, Bengaluru, India; 
156The University of Texas M.D. Anderson Cancer Center, Department of Experimental Therapeutics, Houston, TX, USA; 157University of North Texas 
Health Science Center, Department of Microbiology, Immunology & Genetics, Fort Worth, TX, USA; 158University of Louvain, Louvain Institute of 
Biomolecular Science and Technology (LIBST), Louvain-la-Neuve, Belgium; 159Trinity College Dublin, School of Medicine, Trinity Translational 
Medicine Institute, Dublin, Ireland; 160Université Paris-Saclay, INSERM UMR1195, Hôpital Le Kremlin Bicêtre, 80 rue du Général Leclerc, 94276 
Kremlin-Bicêtre, France; 161University of South Carolina Upstate, Spartanburg, SC, USA; 162Institut National de la Santé et de la Recherche Médicale 
(INSERM), Sorbonne Université, Université de Paris, Centre de Recherche des Cordeliers, Paris, France; 163Francis Crick Institute, London, UK; UCL, 
Royal Free Hospital, London, UK; 164Université Paris-Saclay, Inserm U1185, Le Kremlin-Bicêtre, France; 165Université de Pau et des Pays de l’Adour, 
E2S UPPA, INRAE, NUMEA, 64310 Saint-Pée-sur-Nivelle, France; 166Stanford University, Department of Chemical & Systems Biology, Stanford, CA, 
USA; 167Emory University School of Medicine, Division of Endocrinology, Metabolism and Lipids, Atlanta, GA, USA; 168University of Pennsylvania, 
Perelman School of Medicine, PENN Center for Pulmonary Biology, Lung Epithelial Biology Laboratories, Philadelphia, PA, USA; 169Mater Research 
Institute, University of Queensland, Brisbane Australia; 170Ludwig-Maximilians-Universität München, Munich Cluster for Systems Neurology, 
München, Germany; 171Hannover Medical School, Department for Clinical Immunology and Rheumatology, Hannover, Germany; 172University of 
Rome “Tor Vergata”, Department of Clinical Sciences and Translational Medicine, Rome, Italy; 173Tufts University, USDA Human Nutrition Research 
Center on Aging, Laboratory for Nutrition and Vision Research, Boston, MA, USA; 174Universidad Cardenal Herrera-CEU, CEU Universities, School of 
Health Sciences, Department of Biomedical Sciences, Moncada, Spain; 175Bar-Ilan University, Azrieli Faculty of Medicine, Safed, Israel; 176University 
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Medical Center of the Johannes Gutenberg University, Institute of Pathobiochemistry, Mainz, Germany; 177Boston University, Metcalf Science Center, 
Boston, MA, USA; 178Sorbonne Université, CNRS UMR8226, Institut de Biologie Physico-Chimique, Laboratoire de Biologie Moléculaire et Cellulaire 
des Eucaryotes, Paris, France; 179Italian Liver Foundation, Trieste, Italy; 180University of Rome “Sapienza”, Department of Clinical and Molecular 
Medicine, Laboratory affiliated to Istituto Pasteur Italia  Fondazione Cenci Bolognetti, Rome, Italy; 181Centro Nacional de Biotecnología-CNB-CSIC, 
Madrid, Spain; 182Universidad Autónoma de Madrid, Departamento de Biología Molecular, Madrid, Spain; 183University of São Paulo, Faculty of 
Pharmaceutical Sciences, Department of Pathophysiology, Sao Paulo, Brazil; 184Universidad Mayor, Center for Integrative Biology, Santiago, Chile; 
185University of Oklahoma Health Sciences Center/Stephenson Cancer Center, Department of Obstetrics and Gynecology, Section of Gynecologic 
Oncology, Oklahoma City, OK, USA; 186UMR 7242 “Biotechnology and cellular signaling”, CNRS, Illkirch, France; 187Washington University in Saint 
Louis, School of Medicine, Department of Psychiatry, Saint Louis MO, USA; 188Universidad Francisco de Vitoria, Madrid, Spain; 189Hopwood Centre 
for Neurobiology, Lifelong Health Theme, South Australian Health and Medical Research Institute, Adelaide, Australia; 190University of Copenhagen, 
Department of Biology, Copenhagen, Denmark; 191University of Lausanne Hospital and Lausanne University, Institute of Pathology, Department of 
Laboratory Medicine and Pathology, Lausanne, Switzerland; 192Queen Mary University of London, Blizard Institute, Centre for Cell Biology and 
Cutaneous Research, London, UK; 193University of Cologne and University Hospital Cologne, Cologne Excellence Cluster on Cellular Stress Responses 
in Aging-Associated Diseases (CECAD), Cologne, Germany; Center for Molecular Medicine, Cologne, Germany; 194University of Massachusetts 
Medical School, Department of Molecular, Cell and Cancer Biology (MCCB), Worcester, MA, USA; 195Magna Graecia University, Department of Health 
Sciences, Catanzaro, Italy; 196Université Paris Descartes, Institut Cochin, INSERM U1016, CNRS UMR8104, Paris, France; 197CNRS, Université de 
Bordeaux, Laboratoire de Biogenèse Membranaire UMR5200, 33140 Villenave d'Ornon, Bordeaux, France; Université de Bordeaux, CNRS, 
Laboratoire de Biogenèse Membranaire UMR5200, Villenave d'Ornon, Bordeaux, France; 198Université du Québec à Trois-Rivières, Département de 
Biologie Médicale, Trois-Rivières, Québec, Canada; 199University of Michigan, Department of Ophthalmology and Visual Sciences, Ann Arbor, MI, 
USA; 200University of Montpellier, CNRS/UMR5235 LPHI, Montpellier, France; 201Ghent University, VIB Center for Inflammation Research, Ghent, 
Belgium; 202University of Oxford, Kennedy Institute of Rheumatology, Oxford, UK; 203University of New Mexico, Department of Molecular Genetics 
and Microbiology, Department of Neurology, Albuquerque, NM, USA; 204Comenius University, Department of Biochemistry, Bratislava, Slovakia; 
205University of Oklahoma Health Sciences Center, Department of Obstetrics and Gynecology, Oklahoma City, OK, USA; 206Vanderbilt University 
Medical Center, Vanderbilt Eye Institute, Nashville, TN, USA; 207Department of Biophysics, Post Graduate Institute of Medical Education and 
Research, Chandigarh, India; 208Louisiana State University Health Sciences Center-Shreveport, Department of Pathology and Translational 
Pathobiology, Shreveport, LA, USA; 209National Institute of Technology Rourkela, Department of Life Science, Cancer and Cell Death Laboratory, 
Rourkela, Odisha, India; 210Michigan Technological University, Department of Chemistry, Houghton, MI, USA; 211Dalian Medical University, College of 
Basic Medical Sciences, Dalian, China; 212Garvan Institute of Medical Research, St Vincent's Medical School, Faculty of Medicine, UNSW, Sydney, 
Australia; 213Eötvös Loránd University (ELTE), Department of Genetics, Budapest, Hungary; 214Federal University of São Paulo, Department of 
Pharmacology, Paulista School of Medicine, São Paulo, Brazil; 215University Hospital of North Norway, The Heart and Lung Clinic; University of 
Tromso-The Artic University of Norway, Department of Clinical Medicine, Tromso, Norway; 216Norwegian University of Science and Technology, 
Department of Biomedical Laboratory Science, Trondheim, Norway; 217University of York, Department of Biology, Heslington, UK; 218University of 
Valencia, Faculty of Medicine, Department of Physiology, Valencia, Spain; CIBERehd, Valencia, Spain; 219University of Lodz, Faculty of Biology and 
Environmental Protection, Lodz, Poland; 220Linköping University, Department of Biomedical and Clinical Sciences, Faculty of Medicine and Health 
Sciences, Linköping, Sweden; 221Karolinska Institutet, Department of Women's and Children’s Health, Stockholm, Sweden AND Karolinska University 
Hospital, Pediatric Oncology, Stockholm, Sweden; 222Indiana University School of Medicine, Department of Microbiology and Immunology, 
Indianapolis, IN, USA; 223St. Jude Children's Research Hospital, Department of Immunology, Memphis, TN, USA; 224University of Zagreb, School of 
Medicine, Croatian Institute for Brain Research, Zagreb, Croatia; 225University of Pennsylvania, Department of Basic and Translational Sciences, 
Philadelphia, PA, USA; 226Burnet Institute, Melbourne, Australia; 227University College Cork, Department of Pharmacology and Therapeutics, County 
Cork, Ireland; 228INMG, INSERM, CNRS, University of Lyon, Lyon, France; 229University of Padova, Department of Molecular Medicine, Padova, Italy; 
230Institut National de la Santé et de la Recherche Médicale, Centre de Recherche des Cordeliers, Sorbonne Université, Université de Paris, Paris, 
France; 231National Institutes of Health, Eunice Kennedy Shriver National Institute of Child Health and Human Development, Neurosciences and 
Cellular and Structural Biology Division (NCSBD), Bethesda, MD, USA; 232West Virginia University, Department of Surgery, Morgantown, WV, USA; 
233The Open University, School of Life, Health and Chemical Sciences, Faculty of Science, Technology, Engineering and Mathematics, Milton Keynes, 
UK; 234Danish Cancer Society Research Center, Center for Autophagy, Recycling and Disease (CARD), Cell Stress and Survival Unit, Copenhagen, 
Denmark; IRCCS Bambino Gesù Children’s Hospital, Department of Pediatric Hemato-Oncology and Cell and Gene therapy, Rome, Italy; University 
of Rome Tor Vergata, Department of Biology, Rome, Italy; 235University of Rome Tor Vergata, Department of Biology, Rome, Italy; 236Albert Ludwigs 
University of Freiburg, Faculty of Medicine, Institute of Molecular Medicine and Cell Research, Freiburg, Germany; 237University Children’s Hospital 
Zurich, Children’s Research Center and Department of Oncology, Zurich, Switzerland; 238University of Texas M.D. Anderson Cancer Center, 
Department of Leukemia, Houston, TX, USA; 239Case Western Reserve University School of Medicine, Department of Pediatrics, Cleveland, OH, USA; 
InterRayBio, LLC, Baltimore, MD, USA; 240Washington State University, Department of Veterinary Microbiology and Pathology, College of Veterinary 
Medicine, Pullman, WA, USA; 241University Santiago de Compostela, Department of Pharmacology, Veterinary Faculty, Lugo, Spain; 242Baylor College 
of Medicine, Jan and Dan Duncan Neurological Research Institute and Department of Molecular and Human Genetics, Houston, TX, USA; 
243Université de Paris, PARCC, INSERM, Paris, France; 244University of Alabama at Birmingham, Department of Ophthalmology and Visual Sciences, 
Birmingham, AL, USA; 245Albert Einstein College of Medicine, Department of Developmental and Molecular Biology, Bronx, NY, USA; 246Medical 
University of Graz, Gottfried Schatz Research Center for Cell Signaling, Metabolism and Aging, Molecular Biology and Biochemistry, Graz, Austria; 
247University Paris 13, UMR_S942 Inserm; University of Paris, Bobigny, France; 248Centro de Investigaciones Biológicas Margarita Salas, CSIC, Madrid, 
Spain; 249Swedish University of Agricultural Sciences and Linnean Center for Plant Biology, Uppsala BioCenter, Department of Molecular Sciences, 
Uppsala, Sweden; 250Imperial College London, Department of Life Sciences, London, UK; 251The Connecticut Agricultural Experiment Station, Center 
for Vector Biology and Zoonotic Diseases, Department of Environmental Sciences, New Haven, CT, USA; 252Goethe University, University Hospital, 
University Cancer Center Frankfurt (UCT), Department of Medicine, Hematology/Oncology, Frankfurt, Germany; 253Danube Private University, 
Department of Medicine/Dental Medicine, Krems/Donau, Austria; 254Georg-August-Universität Göttingen, Institute for Microbiology and Genetics, 
Department of Molecular Microbiology and Genetics, Göttingen, Germany; 255Universidad de Chile, Instituto de Nutrición y Tecnología de los 
Alimentos (INTA), Santiago, Chile; 256Université de Paris, Sorbonne Université, Centre de Recherche des Cordeliers, INSERM U1138, Paris, France; 
257Laboratorio de Genética Bioquímica (LAGENBIO), Centro de Encefalopatías y Enfermedades Transmisibles Emergentes, Instituto Agroalimentario 
de Aragón-IA2, Instituto de Investigación Sanitaria Aragón-IISA, Universidad de Zaragoza, Zaragoza, Spain; Centro de Investigación Biomédica en 
Red de Enfermedades Neurodegenerativas (CIBERNED), Instituto Carlos III, Zaragoza, Spain; 258Centre des Sciences du Goût et de l'Alimentation, 
AgroSup Dijon, CNRS, INRAE, University of Bourgogne Franche-Comté, Eye and Nutrition Research Group, Dijon, France; 259National Autonomous 
University of Mexico, Faculty of Chemistry, Department of Biology, Mexico city, Mexico; 260University of California San Francisco, Department of 
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Medicine, Zuckerberg San Francisco General Hospital and TraumaCenter, San Francisco, CA, USA; 261University of Copenhagen, Department of 
Biology, Denmark; 262University of Pittsburgh, Department of Biological Sciences, Pittsburgh, PA, USA; 263Washington University School of Medicine, 
Department of Medicine, Saint Louis, MO, USA; 264Department of Human Genetics, Genentech, Inc., South San Francisco, CA, USA; 265David Geffen 
School of Medicine at UCLA, Department of Neurology, Los Angeles, CA, USA; 266University of Colorado, AMC, Department of Pharmacology, 
Aurora, CO, USA; 267University of Minnesota, Hormel Institute, Austin, MN, USA; 268University of Sao Paulo, School of Physical Education and Sport, 
Cellular and Molecular Exercise Physiology Laboratory, Sao Paulo, SP, Brazil; 269Hospital for Sick Children, Cell Biology Program, Toronto, ON, 
Canada; 270University of Insubria, Department of Biotechnology and Life Sciences, Varese, Italy; 271Monash University, School of Biological Sciences, 
Melbourne, Victoria, Australia; 272University of Salento, Dept of Biological and Environmental Sciences and Technologies, Lecce, Italy; 273Institut 
Pasteur, Biologie des Bactéries Intracellulaires and CNRS UMR 3525, Paris, France; 274University of Pittsburgh, Aging Institute, Department of 
Medicine, Pittsburgh, PA, USA; 275University Duisburg-Essen, Essen University Hospital, Department of Gastroenterology and Hepatology, Essen, 
Germany; Department of Gastroenterology, Hepatology & Endocrinology, Hannover Medical School, Hannover, Germany; 276Thomas Jefferson 
University, Department of Pathology, Anatomy, and Cell Biology, Philadelphia, PA, USA; 277Department of Pharmacology and Experimental 
Neuroscience, University of Nebraska Medical Center, Omaha, NE, USA; 278University of Arizona, Department of Molecular and Cellular Biology, 
Tucson, AZ, USA; 279University of Iowa, Iowa City, IA, USA; 280Montana BioAg. Inc. Missoula, MT, USA; 281Universidad de Chile, Facultad de 
Odontología, Autophagy Research Center (ARC), Santiago, Chile; 282KU Leuven, Department of Cellular & Molecular Medicine, Campus Gasthuisberg, 
Leuven, Belgium; 283University of Medicine and Pharmacy of Craiova, Department of Medical Genetics, Craiova, Romania; 284King's College London, 
School of Cardiovascular Medicine & Sciences, The Rayne Institute, St Thomas' Hospital, London, UK; 285University of Cordoba, Department of Cell 
Biology, Physiology and Immunology, Córdoba, Spain; 286The Rockefeller University, Laboratory of Cellular and Molecular Neuroscience, New York, 
NY, USA; 287Stockholm University, The Wenner-Gren Institute, Department of Molecular Biosciences, Stockholm, Sweden; 288University of Verona, 
Department of Neurosciences, Biomedicine and Movement Sciences, Biological Chemistry Section, Verona, Italy; 289Departmento de Biología Celular 
e Histología, Facultad de Biología, Universidad de Murcia, Instituto Murciano de Investigación Biosanitaria (IMIB)-Arrixaca, Murcia, Spain; 
290Universidad Nacional Autónoma de México, Faculty of Sciences, Department of Cell Biology, Fibrosis Lab, Mexico City, Mexico; 291New York 
University School of Medicine, Skirball Institute and Department of Microbiology, New York, NY, USA; 292Wenzhou Medical University, State Key 
Laboratory of Ophthalmology, Optometry and Visual Science, School of Optometry and Ophthalmology and the Eye Hospital, Wenzhou, China; 
293University of Louisville, Pediatric Research Institute, Department of Pediatrics, Louisville, KY, USA; 294Rutgers University, The State University of 
New Jersey, Department of Cell Biology and Neuroscience, Piscataway, NJ, USA; 295University of Barcelona, Department of Biochemistry and 
Molecular Biomedicine, and Network Center for Biomedical Research in Pathophysiology of Obesity and Nutrition (CIBEROBN), Barcelona, Spain; 
296University of Las Palmas de Gran Canaria, Department of Physical Education and Research Institute of Biomedical and Health Sciences (IUIBS), Las 
Palmas de Gran Canaria, Spain; Norwegian School of Sport Sciences, Department of Physical Performance, Oslo, Norway; 297University of Alabama, 
Department of Biological Sciences, Tuscaloosa, AL, USA; 298University of Georgia, Department of Kinesiology, Athens, GA, USA; 299Fondazione 
Policlinico Universitario “Agostino Gemelli” IRCCS, Rome, Italy; 300University of Zaragoza, Faculty of Veterinary-IIS Aragón, IA2-CITA, CIBERNED, 
Laboratory of Genetics and Biochemistry (LAGENBIO), Zaragoza, Spain; 301University of São Paulo, Department of Immunology, Laboratory of 
Transplantation Immunobiology, São Paulo, SP, Brazil; 302CNRS, Institut Curie, Paris, France; 303University of Bordeaux, CNRS, IBGC, UMR 5095, 
Bordeaux, France; 304University of London, The Royal Veterinary College, Department of Comparative Biomedical Sciences, UCL Consortium for 
Mitochondrial Research, London, UK; 305Loyola University, Stritch School of Medicine, Department of Microbiology and Immunology, Chicago, IL, 
USA; 306University of Ottawa, Department of Chemistry and Biomolecular Sciences and Department of Biochemistry, Microbiology and Immunology, 
Host-Microbe Interactions Laboratory, Ottawa, ON, Canada; 307University of Rome “Tor Vergata”, Department of Biology, Rome, Italy; 308Università di 
Sassari, Dipartimento di Scienze Biomediche, Sassari, Italy; 309Université Côte d'Azur, Université Nice Sophia Antipolis, CEA/DRF/Institut Frédéric 
Joliot, Faculté de Médecine, UMR E-4320 TIRO-MATOs, Nice, France; 310Universidad San Sebastián, Centro de Biología Celular y Biomedicina 
(CEBICEM), Facultad de Medicina y Ciencia, Santiago, Chile; 311University of Toronto, Sinai Health System, Lunenfeld-Tanenbaum Research Institute, 
Toronto, Ontario, Canada; 312INSERM, U1231, Dijon, France; 313IRBLleida-University of Lleida,Department of Experimental Medicine, Lleida, Spain; 
314Xiamen University School of Medicine, Fujian Provincial Key Laboratory of Reproductive Health Research, Xiang'an, Xiamen, China; 315University 
of Campania “L. Vanvitelli”, Department of Precision Medicine, Naples, Italy; Institute of Genetic Research, Biogem scarl, Laboratory of Molecular 
and Precision Oncology, Ariano Irpino (AV), Italy; 316Instituto de Investigación Biomédica de A Coruña (INIBIC), Complexo Hospitalario Universitario 
de A Coruña (CHUAC), Sergas, Universidade da Coruña (UDC), A Coruña, Spain; 317University of Wisconsin, Department of Surgery, Madison, WI, 
USA; 318University of Geneva, Department of Biochemistry, Faculty of Science, Switzerland; 319Universidad Nacional Autónoma de México, Institute 
of Biotechnology, Plant Molecular Biology Department, Cuernavaca, Morelos, México; 320University of Coimbra, Faculty of Medicine and CNC-Center 
for Neuroscience and Cell Biology, Coimbra, Portugal; 321University of Arizona Cancer Center, Tucson, AZ, USA; 322Trev and Joyce Deeley Research 
Centre, BC Cancer, Victoria, British Columbia, Canada; 323University of Graz, Institute of Molecular Biosciences, NAWI Graz, Graz, Austria; 324Federal 
University of Rio de Janeiro, Institute of Microbiology, Department of Immunology, Rio de Janeiro, Brazil; 325Polytechnic University of Marche, 
Department of Life and Environmental Sciences, Ancona, Italy; 326University of Modena and Reggio Emilia, Department of Biomedical, Metabolic 
and Neural Sciences, Modena, Italy; 327Centre de Recherche en Cancérologie de Marseille (CRCM), INSERM U1068, CNRS UMR7258, Aix-Marseille 
Université U105, Institut Paoli-Calmettes, Parc Scientifique et Technologique de Luminy, Marseille, France; 328Functional Genomics of 
Cardiomyopathies, Institute of Experimental Pharmacology and Toxicology, University Medical Center Hamburg-Eppendorf, 20246 Hamburg, 
Germany; 329University of Alabama at Birmingham, Department of Medicine, Pulmonary, Allergy, and Critical Care Medicine, Birmingham VA 
Medical Center, Birmingham, AL, USA; 330Universidade de Lisboa, Faculty of Pharmacy, Research Institute for Medicines (iMed.ULisboa), Lisboa, 
Portugal; 331Aix Marseille Univ, CNRS, LISM, Institut de Microbiologie de la Méditerranée, Marseille, France; 332Universitat Autònoma de Barcelona, 
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Department of Imaging and Pathology, Leuven, Belgium; 1349University College London, School of Pharmacy, Department of Pharmacology, 
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1850Van Andel Institute, Center for Epigenetics, Grand Rapids, MI, USA; 1851Fudan University, Zhongshan Hospital, Liver Cancer Institute, Department 
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ABSTRACT
In 2008, we published the first set of guidelines for standardizing research in autophagy. Since then, this 
topic has received increasing attention, and many scientists have entered the field. Our knowledge base 
and relevant new technologies have also been expanding. Thus, it is important to formulate on a regular 
basis updated guidelines for monitoring autophagy in different organisms. Despite numerous reviews, 
there continues to be confusion regarding acceptable methods to evaluate autophagy, especially in 
multicellular eukaryotes. Here, we present a set of guidelines for investigators to select and interpret 
methods to examine autophagy and related processes, and for reviewers to provide realistic and 
reasonable critiques of reports that are focused on these processes. These guidelines are not meant 
to be a dogmatic set of rules, because the appropriateness of any assay largely depends on the question 
being asked and the system being used. Moreover, no individual assay is perfect for every situation, 
calling for the use of multiple techniques to properly monitor autophagy in each experimental setting. 
Finally, several core components of the autophagy machinery have been implicated in distinct auto
phagic processes (canonical and noncanonical autophagy), implying that genetic approaches to block 
autophagy should rely on targeting two or more autophagy-related genes that ideally participate in 
distinct steps of the pathway. Along similar lines, because multiple proteins involved in autophagy also 
regulate other cellular pathways including apoptosis, not all of them can be used as a specific marker for 
bona fide autophagic responses. Here, we critically discuss current methods of assessing autophagy and 
the information they can, or cannot, provide. Our ultimate goal is to encourage intellectual and technical 
innovation in the field.
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ILVs, intralumenal vesicles; IMP, intramembrane particle; LAP, LC3-associated phagocytosis; LDS, LIR/AIM docking 
site; LIR, LC3-interacting region; LIRCPs, LIR-containing proteins; LN, late nucleophagy; LPS, lipopolysaccharide; 
LRP1-ICD, LRP1 intracellular domain; MAMs, mitochondria-associated ER membranes; MAP1LC3/LC3, microtubule 
associated protein 1 light chain 3; MDC, monodansylcadaverine; MDH, monodansylpentane; MEC, mammary epithelial 
cells; MEFs, mouse embryonic fibroblasts; MELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like 
episodes; mRFP, monomeric red fluorescent protein; MS, mass spectrometry; mtDNA, mitochondrial DNA; MTOR, 
mechanistic target of rapamycin kinase; MTORC1, mechanistic target of rapamycin kinase complex 1; MVB, multi
vesicular body; NAADP, nicotinic acid adenine dinucleotide phosphate; NASH, nonalcoholic steatohepatitis; ncRNA, 
noncoding RNA; NETs, neutrophil extracellular traps; NMR, nuclear magnetic resonance; NPs, nanoparticles; NTs, 
nanotubes; NVJ, nucleus-vacuole junction; OMM, outer mitochondrial membrane; OS, outer segments; PAMP, 



pathogen-associated molecular pattern; paNPs, photo-activable NPs; PAS, phagophore assembly site; PD, Parkinson 
disease; PDT, photodynamic therapy; PE, phosphatidylethanolamine; PI, phosphoinositide; PI3K, phosphoinositide 3- 
kinase; PMN, piecemeal microautophagy of the nucleus; PMSF, phenylmethylsulphonylfluoride; POFs, postovulatory 
follicles; POS, photoreceptor outer segments; PPI, protein-protein interaction; PS, phosphatidylserine; PSSM, position- 
specific scoring matrix; PtdIns3K, phosphatidylinositol 3-kinase; PtdIns3P, phosphatidylinositol-3-phosphate; PTECs, 
proximal tubular epithelial cells; PTM, posttranslational modification; PVM, parasitophorus vacuole membrane; qPCR/ 
qRT-PCR, quantitative polymerase chain reaction; RBC, red blood cell; RCBs, Rubisco-containing bodies; RCD, 
regulated cell death; Rluc, Renilla reniformis luciferase; ROS, reactive oxygen species; RPE, retinal pigment epithelium; 
RT-PCR, reverse transcription polymerase chain reaction; S1P, sphingosine-1-phosphate; SD, standard deviation; SEM, 
scanning electron microscopy; SINGD, stress-induced nascent granule degradation; SKL, serine-lysine-leucine (a 
peroxisome targeting signal); SLE, systemic lupus erythematosus; SOD, superoxide dismutase; SVCV, spring viremia 
of carp virus; TEM, transmission electron microscopy; tfLC3, tandem fluorescent LC3; TORC1, TOR complex I; TR- 
FRET, time-resolved Förster resonance energy transfer; TVA, tubulovesicular autophagosome; UDS, UIM docking site; 
UIM, ubiquitin-interacting motif; UPR, unfolded protein response; UPS, ubiquitin-proteasome system; V-ATPase, 
vacuolar-type H+-translocating ATPase; VHSV, viral hemorraghic septicemia virus; WSM, water stress medium; 
xLIR, extended LIR-motif; ZIKV, Zika virus

Introduction

Many researchers, especially those new to the field, need to 
determine which criteria are essential for demonstrating au
tophagy, either for the purposes of their own research, or in 
the capacity of a manuscript or grant review [1,2]. Acceptable 
standards are an important issue, particularly considering that 
each of us may have her/his own opinion regarding the 
answer. Furthermore, as science progresses and the field 
evolves, the answer is in part a “moving target” [3]. This 
can be extremely frustrating for researchers who may think 
they have met those criteria, only to find out that the 
reviewers of their work disagree. Conversely, as a reviewer, 
it is tiresome to raise the same objections repeatedly, wonder
ing why researchers have not fulfilled some of the basic 
requirements for establishing the occurrence of an autophagic 
process. In addition, drugs that potentially modulate autopha
gy are increasingly being used in clinical trials, and screens are 
being carried out for new drugs that can modulate autophagy 
for therapeutic purposes. Clearly, it is important to determine 
whether these drugs are truly affecting autophagy, and which 
step(s) of the process/es is/are affected, based on a set of 
accepted criteria. To this aim, we describe here a basic set of 
updated guidelines that can be used by researchers to plan 
and interpret their experiments, by clinicians to evaluate the 
literature with regard to autophagy-modulating therapies, and 
by both authors and reviewers to justify or criticize an experi
mental approach.

Several fundamental points must be kept in mind as we 
establish guidelines for the selection of appropriate methods 
to monitor autophagy [2]. Importantly, there are no absolute 
criteria for determining autophagic status that are applicable 
in every single biological or experimental context. This is 
because some assays are unsuitable, problematic or may not 
work at all in particular cells, tissues or organisms [1–4]. For 
example, autophagic responses to drugs may be different in 
transformed versus nontransformed cells, in confluent versus 
nonconfluent cells, or in cells grown with or without glucose 
[5]. These guidelines are likely to evolve as new methodolo
gies are developed and current assays are superseded. 

Nonetheless, it is useful to establish a reference for acceptable 
assays that can reliably monitor autophagy in many experi
mental systems. It is important to note that in this set of 
guidelines the term “autophagy” generally refers to macroau
tophagy; other autophagy-related processes are specifically 
designated when appropriate.

For the purposes of this review, the autophagic compart
ments (Figure 1) are referred to as the sequestering (pre- 
autophagosomal) phagophore (PG; previously called the iso
lation or sequestration membrane [6, 7]) [8], the double- 
membrane autophagosome (AP; generated by scission of the 
phagophore membrane [9, 10]), the single-membrane amphi
some (AM; generated by the fusion of the outer autophago
somal membrane with endosomes) [11], the lysosome (LY), 
the autolysosome (AL; generated by fusion of the outer auto
phagosomal membrane or amphisome with a lysosome), and 
the autophagic body (AB; generated by fusion of the outer 
autophagosomal membrane with, typically, the vacuole in 
fungi and plants followed by the release of the internal auto
phagosomal compartment into the vacuole lumen). Except for 
cases of highly stimulated autophagic sequestration (Figure 2), 
autophagic bodies are not seen in animal cells, because lyso
somes/autolysosomes are typically smaller than autophago
somes [11]. One critical point is that autophagy is a highly 
dynamic, multi-step process. Like other cellular pathways, it 
can be modulated at several steps, both positively and nega
tively. An accumulation of autophagosomes measured by 
transmission electron microscopy (TEM) image analysis 
[12], identified as green fluorescent protein (GFP)- 
MAP1LC3 (GFP-LC3) puncta under fluorescence micro
scopy, or as changes in the amount of lipidated LC3 (LC3- 
II) on a western blot, could reflect a reduction in autophago
some turnover [13–15], or the inability of turnover to keep 
pace with increased autophagosome formation (Figure 1B) 
[16]. For example, inefficient fusion with endosomes and/or 
lysosomes, or perturbation of the transport machinery [17], 
would inhibit autophagosome maturation to amphisomes or 
autolysosomes (Figure 1C), whereas decreased flux could also 
be due to inefficient degradation of the cargo once fusion has 



occurred [18]. Moreover, GFP-LC3 puncta and LC3 lipidation 
can reflect the induction of a different/modified pathway such 
as LC3-associated phagocytosis (LAP) [19], or the noncano
nical destruction pathway of paternal mitochondria after egg 
fertilization [20, 21].

Thus, the use of autophagy markers such as LC3-II must be 
complemented by assays to estimate overall autophagic flux, 
or flow, to permit a correct interpretation of the results. That 
is, autophagic activity includes not just the increased synthesis 
or lipidation of Atg8/LC3/GABARAP (LC3 and GABARAP 
subfamilies constitute the mammalian homologs of yeast 
Atg8), or an increase in the formation of autophagosomes, 
but, most importantly, flux through the entire system, includ
ing lysosomes or the vacuole, and the subsequent release of 
the breakdown products. Therefore, autophagic substrates 
need to be monitored dynamically over time to verify that 
they have reached the lysosome/vacuole, and whether or not 
they are degraded. By responding to perturbations in the 
extracellular environment, cells tune the autophagic flux to 
meet intracellular metabolic demands and support repair 
mechanisms. The impact of autophagic flux on cell death 
and human pathologies, therefore, demands accurate tools to 
measure not only the current flux of the system, but also its 

��������	� An autophagic body in a large lysosome of a mammalian epithelial cell 
in a mouse seminal vesicle in vitro. The arrow shows the single limiting 
membrane covering the sequestered rough ER. Image provided by A.L. Kovács.
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	� Schematic model demonstrating the induction of autophagosome formation when turnover is blocked versus normal autophagic flux, and illustrating the 
morphological intermediates of autophagy. (A) The initiation of autophagy includes the formation and expansion of the phagophore, the initial sequestering 
compartment, which expands into an autophagosome. Completion of the autophagosome requires an intraphagophore membrane scission step and is followed by 
fusion of the outer autophagosomal membrane with lysosomes and degradation of the contents, allowing complete flux, or flow, through the entire pathway. This is 
a different outcome than the situation shown in (B) where induction results in the initiation of autophagy, but a defect in autophagosome turnover due, for example, 
to a block in fusion with lysosomes or disruption of lysosomal functions will result in an increased number of autophagosomes. In this scenario, autophagy has been 
induced, but there is no or limited autophagic flux. (C) An autophagosome can fuse with an endosome to generate an amphisome, prior to fusion with the lysosome. 
(D) Schematic drawing showing the formation of an autophagic body in fungi. The large size of the fungal vacuole relative to autophagosomes allows the release of 
the single-membrane autophagic body within the vacuole lumen. In cells that lack vacuolar hydrolase activity, or in the presence of inhibitors that block hydrolase 
activity, intact autophagic bodies accumulate within the vacuole lumen and can be detected by light microscopy. The lysosome of most more complex eukaryotes is 
too small to accommodate an autophagic body. 
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capacity [22], and its response time, when exposed to a 
defined stress [23].

One approach to evaluate autophagic flux is to measure 
the rate of general protein breakdown by autophagy [6, 24, 
25]. It is possible to arrest the autophagic flux at a given 
point, and then record the time-dependent accumulation 
of an organelle, an organelle marker, a cargo marker, or 
the entire cargo at the point of blockage; however, this 
approach assumes there is no feedback of the accumulat
ing structure on its own rate of formation [26]. Thus, the 
chase period should be kept short, ideally with more than 
one time point. In an alternative approach, one can follow 
the time-dependent decrease of an autophagy-degradable 
marker following inhibition of protein synthesis (with the 
caveat that the potential contribution of other proteolytic 
systems needs to be experimentally addressed). A potential 
complication here is that inhibition of protein synthesis, 
for example, by cycloheximide (CHX), can activate 
MTORC1 signaling, which in turn impairs autophagy 
[27]. In theory, these nonautophagic processes can be 
assessed if degradation persists after blocking autophagic 
sequestration [13, 15, 28]. The key issue is to differentiate 
between the often transient accumulation of autophago
somes due to increased induction, and their accumulation 
due to inefficient clearance of sequestered cargos. This can 
be done by both measuring the levels of autophagosomes 
at static time points, and by measuring changes in the 
rates of autophagic degradation of cellular components, 
or, in neurons, by assaying autophagosome transport [18, 
29]. Multiple strategies have been used to estimate “auto
phagy,” but unless the experiments can relate changes in 
autophagosome quantity to a direct or indirect measure
ment for autophagic flux, the results may be difficult to 
interpret [30]. A general caution regarding the use of the 
term “steady state” is warranted at this point. It should 
not be assumed that an autophagic system is at steady 
state in the strict biochemical meaning of this term, as 
this implies that the level of autophagosomes does not 
change with time, and the flux through the system is 
constant. In these guidelines, we use “steady state” to 
refer to the baseline range of autophagic flux in a system 
that is not subjected to specific perturbations that increase 
or decrease that flux.

Autophagic flux refers to the entire process of autopha
gy over a period of time, which encompasses the selection 
of cargo and its inclusion within the autophagosome, the 
delivery of cargo to lysosomes (via fusion of the latter with 
autophagosomes or amphisomes) and its subsequent 
breakdown and release of the resulting macromolecules 
back into the cytosol, which may be referred to as pro
ductive or complete autophagy. Thus, increases in the 
level of phosphatidylethanolamine (PE)-modified Atg8- 
family proteins (Atg8–PE, or LC3/GABARAP-II), or even 
the appearance of autophagosomes, are not measures of 
autophagic flux per se, but can reflect the induction of 
autophagic sequestration and/or inhibition of autophago
some or amphisome clearance. Also, it is important to 
realize that while formation of Atg8–PE (or LC3/ 
GABARAP-II) appears to correlate with the induction of 

autophagy, we do not know, at present, the actual 
mechanistic relationship between Atg8–PE (or LC3/ 
GABARAP-II) formation and the rest of the autophagic 
process; indeed, some variants of autophagy proceed in 
the absence of LC3-II [31–35].

In addition, as the metabolic control of autophagy is 
becoming increasingly clear, highlighting a tight network 
between the autophagy machinery, energy sensing pathways 
and the cell’s metabolic circuits [36, 37], mitochondrial 
parameters such as fission and fusion rate and the cell’s 
ATP demand should be monitored and correlated with 
autophagic flux data. In this regard, the use of mitochon
dria-localized mCherry-GFP tandem reporters (such as the 
mito-QC mouse [38]), may be important in understanding 
how deregulated mitophagy affects the progression of meta
bolic disorders, including diabetes [39]. These types of stu
dies will provide a better understanding on the variability of 
autophagy and cell death susceptibility.

As a final note, we also recommend that researchers refrain 
from the use of the expression “percent autophagy” when 
describing experimental results, as in “The cells displayed a 
25% increase in autophagy.” Instead, it is appropriate to 
indicate that the average number of GFP-Atg8-family protein 
puncta per cell is increased or a certain percentage of cells 
displayed punctate GFP-Atg8-family proteins that exceeds a 
particular threshold (and this threshold should be clearly 
defined in the Methods section), or that there is a specific 
increase or decrease in the rate of cargo sequestration or the 
degradation of long-lived proteins, when these are the actual 
measurements being quantified.

In previous versions of these guidelines [1, 3], the methods 
were separated into two main sections—steady state and flux. 
In some instances, a lack of clear distinction between the 
actual methodologies and their potential uses made such a 
separation somewhat artificial. For example, fluorescence 
microscopy was initially listed as a steady-state method, 
although this approach can clearly be used to monitor flux 
as described in this article, especially when considering the 
increasing availability of new technologies such as microflui
dic chambers. Furthermore, the use of multiple time points 
and/or lysosomal fusion/degradation inhibitors can turn even 
a typically static method such as TEM into one that monitors 
flux. Therefore, although we maintain the importance of 
monitoring autophagic flux and not just induction, this 
revised set of guidelines does not separate the methods 
based on this criterion. Readers should be aware that this 
article is not meant to present protocols, but rather guidelines, 
including information that is typically not presented in pro
tocol papers. For detailed information on experimental pro
cedures we refer readers to various protocols that have been 
published elsewhere [25, 40–56]. Finally, throughout the 
guidelines we provide specific cautionary notes, and these 
are important to consider when planning experiments and 
interpreting data; however, these cautions are not meant to 
be a deterrent to undertaking any of these experiments or a 
hindrance to data interpretation.

Collectively, we propose the following guidelines for mea
suring various aspects of selective and nonselective autophagy 
in eukaryotes.
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To minimize confusion regarding nomenclature, we make the 
following notes: In general, we follow the conventions estab
lished by the nomenclature committees for each model organ
ism whenever appropriate guidelines are available, and briefly 
summarize the information here using “ATG1” as an example 
for yeast and “ULK1” for mammals. The standard nomencla
ture of autophagy-related wild-type genes, mutants and pro
teins for yeast is ATG1, atg1 (or atg1∆ in the case of deletions) 
and Atg1, respectively, according to the guidelines adopted by 
the Saccharomyces Genome Database (https://www.yeastgen 
ome.org/). For mammals we follow the recommendations of 
the International Committee on Standardized Genetic 
Nomenclature for Mice (http://www.informatics.jax.org/mgi 
home/nomen/), which dictates the designations Ulk1, ulk1 
and ULK1 (for all rodents), respectively, and the guidelines 
for human genes established by the HUGO Nomenclature 
Committee (http://www.genenames.org/guidelines.html), 
which states that human gene symbols are in the form 
ULK1 and recommends that proteins use the same designa
tion without italics, as with ULK1; mutants are written for 
example as ULK1−/− [57]. For simplicity unless referring to a 
specific species, the human gene/protein symbols and defini
tions will be used throughout the guidelines.
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Autophagy was first detected by TEM in the 1950s (reviewed 
in ref. [6]). This process was originally observed as focal 
degradation of cytoplasmic areas performed by lysosomes. 
Later analysis revealed that autophagy starts with the seques
tration of portions of the cytoplasm by a special double- 
membrane structure (termed the phagophore), which matures 
into the autophagosome, also delimited by a double mem
brane. Subsequent fusion events expose the cargo to the lyso
some (or the vacuole in fungi or plants) for enzymatic 
breakdown.

The importance of TEM in autophagy research lies in 
several qualities. It is the only tool that reveals the morphol
ogy of autophagic structures at a resolution in the nm range; 
shows these structures in their natural environment and posi
tion among all other cellular components; allows their exact 
identification; and, in addition, can support quantitative stu
dies if the rules of proper sampling are followed [12].

Autophagy can be both selective and nonselective, and 
TEM can be used to monitor both. In the case of selective 
autophagy, the cargo is the specific substrate being targeted 
for sequestration—bulk cytoplasm is essentially excluded. In 
contrast, during nonselective autophagy, disposable cytoplas
mic constituents are sequestered. Sequestration of larger 
structures (such as big lipid droplets, extremely elongated or 
branching mitochondria or the entire Golgi complex) is rare, 
indicating an apparent upper size limit for individual autop
hagosomes. However, it has been observed that under special 
circumstances the potential exists for the formation of huge 
autophagosomes, which can even engulf a complete nucleus 
[28]. Cellular components that form large confluent areas 

excluding bulk cytoplasm, such as organized, functional myo
fibrillar structures, do not seem to be sequestered by autopha
gy. The situation is less clear with regard to glycogen [58–60].

Plant cell-specific structures called provacuoles have a 
striking similarity to a phagophore, but form in an autopha
gy-independent manner [61]. These structures have been 
detected in cells undergoing major changes in vacuolar mor
phology, such as meristematic cells [62]. Thus, using TEM to 
detect autophagosomes in plant cells must be done while 
comparing with an appropriate autophagy-deficient control 
sample.

After sequestration, the content of the autophagosome and 
its bordering double membrane remain morphologically 
unchanged, and recognizable for at least several minutes. 
During this period, the membranes of the sequestered orga
nelles (for example the ER or mitochondria) remain intact, 
and the electron density of ribosomes is conserved at normal 
levels. Degradation of the sequestered material and the corre
sponding deterioration of ultrastructure commences and runs 
to completion within the amphisome and the autolysosome 
after fusion with a late endosome and lysosome (the vacuole 
in fungi and plants), respectively (Figure 1) [63]. The sequen
tial morphological changes during the autophagic process can 
be followed by TEM [64]. The maturation from the phago
phore through the autolysosome is a dynamic and continuous 
process [65], and, thus, the classification of compartments 
into discrete morphological subsets can be problematic; there
fore, some basic guidelines for such classifications are offered 
below.

In the preceding sections the “autophagosome”, the 
“amphisome” and the “autolysosome” were terms used to 
describe or indicate three basic stages and compartments of 
autophagy. It is important to make it clear that for instances 
(which may be many) when we cannot or do not want to 
differentiate among the autophagosomal, amphisomal and 
autolysosomal stage we use the general term “autophagic 
vacuole”. In the yeast autophagy field, the term “autophagic 
vesicle” is used to avoid confusion with the primary vacuole, 
and by now the two terms are used in parallel and can be 
considered synonyms. It is strongly recommended, however, 
to use only the term “autophagic vacuole” when referring to 
autophagy in more complex eukaryotic cells. 
Autophagosomes, also referred to as initial autophagic 
vacuoles (AVi), typically have a double membrane. This struc
ture is usually distinctly visible by TEM as two parallel mem
brane layers (bilayers) separated by a relatively narrower or 
wider electron-translucent cleft, even when applying the sim
plest routine TEM fixation procedure (Figure 3A) [66, 67]. 
This electron-translucent cleft, however, is less visible in 
freeze-fixed samples, suggesting it may be an artefact of sam
ple preparation (see Fig. S3 in ref. [68]). Amphisomes [69] can 
sometimes be identified by the presence of small intralumenal 
vesicles [70]. These intralumenal vesicles are delivered into 
the lumen by fusion of the autophagosome/autophagic 
vacuole (AV) limiting membrane with multivesicular endo
somes, and care should, therefore, be taken in the identifica
tion of the organelles, especially in cells that produce large 
numbers of multivesicular body (MVB)-derived exosomes 
(such as tumor or stem cells) [71]. Late/degradative 
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autophagic vacuoles/autolysosomes (AVd or AVl) typically 
have only one limiting membrane; frequently they contain 
electron-dense cytoplasmic material and/or organelles at var
ious stages of degradation (Figure 3A and B) [63, 72]; how
ever, late in the digestion process they may contain only a few 
membrane fragments and be difficult to distinguish from 
lysosomes, endosomes, or tubular smooth ER cut in cross- 

section. It is not always easy to morphologically distinguish 
amphisomes, autolysosomes and lysosomes, even for an 
expert [6]. A simple solution to assess autophagy progression 
is to group all of these structures, which are typically stained 
dark in TEM samples, and define them as degradative com
partments/vacuoles. As autophagy induction leads to an 
increase of autophagosomes, amphisomes and autolysosomes, 
an increase of degradative compartments per cell area pro
vides a simple measurement to determine whether this degra
dative pathway is enhanced [73–75]. Unequivocal 
identification of these structures and of lysosomes devoid of 
visible content requires immuno-EM detection of a cathepsin 
or other lysosomal hydrolase (e.g., ACP2 [acid phosphatase 2, 
lysosomal] [76, 77]) that is detected on the limiting mem
brane of the lysosome [78]. Smaller, often electron dense, 
lysosomes may predominate in some cells and exhibit hydro
lase immunoreactivity within the lumen and on the limiting 
membrane [79].

In addition, structural proteins of the lysosome/late endo
somes, such as LAMP1 and LAMP2 or SCARB2/LIMP-2, can 
be used for confirmation. No single protein marker, however, 
has been effective in discriminating autolysosomes from the 
compartments mentioned above, in part due to the dynamic 
fusion and “kiss-and-run” events that promote interchange of 
components that can occur between these organelle subtypes. 
Rigorous further discrimination of these compartments from 
each other and other vesicles ultimately requires demonstrat
ing the colocalization of a second marker indicating the pre
sence of an autophagic substrate (e.g., LC3 and CTSD 
[cathepsin D] colocalization) or the acidification of the com
partment (e.g., mRFP/mCherry-GFP-LC3 probes or 
LysoTracker™ dyes; see Tandem mRFP/mCherry-GFP fluores
cence microscopy), Keima probes, or BODIPY-pepstatin A that 
allows detection of CTSD in an activated form within an 
acidic compartment), and, when appropriate, by excluding 
markers of other vesicular components [76, 80, 81].

The sequential deterioration of cytoplasmic structures 
being digested can be used for identifying autolysosomes by 
TEM. Even when the partially digested and destroyed struc
ture of the cytoplasmic cargo cannot be recognized in itself, it 
can be traced back to earlier forms by identifying preceding 
stages of sequential morphological deterioration. Degradation 
usually leads first to the increased electron density of still 
recognizable organelles, then to vacuoles with heterogeneous 
density, which become more homogeneous and amorphous, 
mostly electron dense, but sometimes light (i.e., electron 
translucent). It should be noted that, in pathological states, 
it is not uncommon that active autophagy of autolysosomes 
and damaged lysosomes (“lysophagy”) may yield populations 
of double-membrane limited autophagosomes containing par
tially digested amorphous substrate in the lumen. These struc
tures, which are enriched in hydrolases, are seen in swollen 
dystrophic neurites in some neurodegenerative diseases, and 
in cerebellar slices cultured in vitro and infected with prions. 
Alternatively, it is possible to inhibit the fusion of autophago
somes and lysosomes using bafilomycin A1 (a vacuolar-type 
H+-translocating ATPase [V-ATPase] inhibitor). It is then 
possible to both visualize the cargo(s) that are being actively 
sequestered within AVi structures during the chase period, as 

��������	� TEM images of autophagic vacuoles in isolated mouse hepatocytes. (A) 
One autophagosome or early autophagic vacuole (AVi) and one degradative 
autophagic vacuole (AVd) are shown. The AVi can be identified by its contents 
(morphologically intact cytoplasm, including ribosomes, and rough ER), and the 
limiting membrane that is partially visible as two bilayers separated by a narrow 
electron-lucent cleft, i. e., as a double membrane (arrow). The AVd can be 
identified by its contents, partially degraded, electron-dense rough ER. The 
vesicle next to the AVd is an endosomal/lysosomal structure containing 5-nm 
gold particles that were added to the culture medium to trace the endocytic 
pathway. (B) One AVi, containing rough ER and a mitochondrion, and one AVd, 
containing partially degraded rough ER, are shown. Note that the limiting 
membrane of the AVi is not clearly visible, possibly because it is tangentially 
sectioned. However, the electron-lucent cleft between the two limiting mem
branes is visible and helps in the identification of the AVi. The AVd contains a 
region filled by small internal vesicles (asterisk), indicating that the AVd has 
fused with a multivesicular endosome. mi, mitochondrion. Image provided by E.- 
L. Eskelinen.
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well as quantify their rates of formation provided the chase 
period is kept short [82] (Figure 4).

It must be emphasized that in addition to the autophagic 
input, other processes (e.g., endosomal, phagosomal, chaper
one-mediated) also carry cargo to the lysosomes [64,65], in 
some cases through the intermediate step of direct endosome 
fusion with an autophagosome to form an amphisome. This 
process is exceptionally common in the axons of neurons [83, 
84]. Therefore, strictly speaking, we can only have a lytic 
compartment containing cargos arriving from several possible 
sources; however, we still may use the term “autolysosome” if 
the content appears to be overwhelmingly autophagic. Note 
that the engulfment of dying cells via phagocytosis also pro
duces lysosomes that contain cytoplasmic structures, but in this 
case, it originates from the dying cell [85]; hence the possibility 
of an extracellular origin for such content must be considered 
when monitoring autophagy in settings where apoptotic cell 
death may be reasonably expected or anticipated.

For many physiological and pathological situations, the 
examination of both early and late autophagic vacuoles yields 
valuable data regarding the overall autophagy status in the 
cells [16, 86]. Along these lines, it is possible to use immuno
cytochemistry to follow particular cytosolic proteins such as 
SOD1/Cu,Zn-superoxide dismutase and CA (carbonic anhy
drase) to determine the stage of autophagy; the former is 
much more resistant to lysosomal degradation [87].

In some autophagy-inducing conditions it is possible to 
observe multi-lamellar membrane structures in addition to 
the conventional double-membrane autophagosomes, 
although the nature of these structures is not fully understood. 
These multi-lamellar structures may indeed be multiple dou
ble layers of phagophores [88] and positive for LC3 [89], they 
could be autolysosomes [90], or they may form as an artefact 
of fixation. Depending on the cell type, it may be necessary to 
distinguish these from myelin or surfactant, both of which are 
also multilamellar. These multi-lamellar bodies are typical in 
lysosomal storage diseases, such as Niemann-Pick disease type 
I [91] and Parkinson disease (PD) [92–94]. In addition, cells 
treated with U18666A, an inhibitor of cholesterol transport 

[95, 96], or chloroquine (CQ) that induces phospholipidosis 
[97], produce numerous large multi-lamellar bodies with con
centric membrane stacks that represent dysfunctional lyso
somes, containing undegraded phospholipids and 
cholesterol. Multi-lamellar bodies are formed through cellular 
autophagy, and the implication of various lysosomal enzymes 
in their formation suggests a lysosomal nature. Initially, single 
or multiple foci of lamella appear within an autophagic 
vacuole and then progress into multi-lamellar structures [90, 
93] as they are getting filled with lipids; these lipids are 
cholesterol-containing rafts in late endocytic/lysosomes orga
nelles [94].

Special features of the autophagic process may be clarified 
by immuno-TEM with gold-labeling [98, 99], using antibo
dies, for example, to cargo proteins of cytoplasmic origin and 
to LC3 to verify the autophagic nature of the compartment. 
LC3 immunogold labeling also enables the detection of novel 
degradative organelles within autophagy compartments. This 
is the case with the autophagoproteasome [100] that consists 
of single-, double-, or multiple-membrane LC3-positive 
autophagosomes costaining for specific components of the 
ubiquitin-proteasome system (UPS). It may be that a rich 
multi-enzymatic (both autophagic and UPS) activity takes 
place within these organelles instead of being segregated 
within different domains of the cell. Also in plants, TEM 
immunogold labelling for ATG8 ultrastructural detection 
can be performed. This can be approached using either anti- 
GFP antibodies for GFP-ATG8 fusion proteins, or anti-ATG8 
antibodies for direct labeling [101, 102]. Freeze-substitution 
followed by cryo embedding in acrylic resins is the most 
convenient and feasible processing method for ATG8 immu
nogold labelling in plant cells.

Although labeling of LC3 can be difficult, an increasing 
number of commercial antibodies are becoming available, 
including reagents that enable visualization of the GFP moiety 
of GFP-LC3 reporter constructs [103]. It is important to keep 
in mind that LC3 can be associated with nonautophagic 
structures (see Xenophagy, and Noncanonical use of autopha
gy-related proteins), and that LC3 puncta can be observed in 
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autophagy-deficient cells [104]. LC3 is involved in specialized 
forms of endocytosis such as LC3-associated phagocytosis. In 
addition, LC3 can decorate vesicles dedicated to exocytosis in 
nonconventional secretion systems (reviewed in ref. [105, 
106]). Antibodies against an abundant cytosolic protein will 
result in high labeling all over the cytoplasm; however, orga
nelle markers work well. Because there are very few charac
terized proteins that remain associated with the closed 
autophagosomes, the choices for confirmation of their autop
hagic nature are limited. Furthermore, autophagosome-asso
ciated proteins may be cell-, age-, sex- and/or condition- 
specific. Sex-specific expression of autophagic markers are 
observed both in humans and in rats [107–111]. At any rate, 
the success of this methodology depends on the quality of the 
antibodies and also on the TEM preparation and fixation 
procedures utilized. With immuno-TEM, authors should pro
vide controls showing that labeling is specific. This may 
require a quantitative comparison of labeling over different 
cellular compartments not expected to contain antigen and 
those containing the antigen of interest.

It is difficult to clearly monitor autophagy in tissues of 
formalin-fixed and paraffin-embedded biopsy samples retro
spectively, because (a) tissues fixed in formalin have low or no 
LC3 detectable by routine immunostaining, (b) because phos
pholipids melt together with paraffin during the sample pre
paration, and (c) immuno-EM of many tissues not optimally 
fixed for this purpose (e.g., using rapid fixation) produces 
low-quality images. Combining antigen retrieval with the 
avidin-biotin peroxidase complex (ABC) method may be 
quite useful for these situations. For example, immunohisto
chemistry can be performed using an antigen retrieval 
method, and then tissues are stained by the ABC technique 
using a labeled anti-human LC3 antibody. After imaging by 
light microscopy, the same prepared slides can be remade into 
sections for TEM examination, which can reveal peroxidase 
reaction deposits in vacuoles within the region that is LC3- 
immunopositive by light microscopy [112].

In addition, statistical information should be provided due 
to the necessity of showing only a selective number of sections 
in publications. Again, we note that for quantitative data it is 
necessary to use proper volumetric analysis rather than just 
counting numbers of sectioned objects. On the one hand, it 
must be kept in mind that even volumetric morphometry/ 
stereology only shows either steady-state levels, or a snapshot 
in a changing dynamic process. Such data by themselves are 
not informative regarding autophagic flux, unless carried out 
over multiple time points. Alternatively, investigation in the 
presence and absence of flux inhibitors can reveal the 
dynamic changes in various stages of the autophagic process 
[13, 22, 55, 113, 114]. On the other hand, if the turnover of 
autolysosomes is very rapid, a low number/volume in the 
experimental compared to the basal condition, will not neces
sarily be an accurate reflection of low autophagic activity; as 
with autophagosomes, a smaller number of autolysosomes can 
reflect increased degradation or decreased formation. 
However, quantitative analyses indicate that autophagosome 
volume in many cases does correlate with the rates of protein 
degradation [115–117]. One potential compromise is to per
form whole cell quantification of autophagosomes using 

fluorescence methods, with qualitative verification by TEM 
[118], to show that the changes in fluorescent puncta reflect 
corresponding changes in autophagic structures.

One additional caveat with TEM, and to some extent with 
confocal fluorescence microscopy, is that the analysis of a 
single plane within a cell can be misleading and may make 
the identification of autophagic structures difficult. Confocal 
microscopy and fluorescence microscopy with deconvolu
tion software (or with much more work, 3-dimensional 
TEM) can be used to generate multiple/serial sections of 
the same cell to reduce this concern; however, in many 
cases where there is sufficient structural resolution, analysis 
of a single plane in a relatively large cell population can 
suffice given practical limitations. EM technologies, such as 
focused ion beam scanning electron microscopy (SEM), 
Serial Block Face-SEM, and Automatic Tape-collecting 
Ultramicrotomy for SEM, should make it much easier to 
apply 3-dimensional analyses. An additional methodology 
to assess autophagosome accumulation is correlative light 
and electron microscopy (CLEM), which is helpful in con
firming that fluorescent structures are autophagosomes 
[119–122]. Along these lines, it is important to note that 
even though GFP fluorescence will be quenched in the acidic 
environment of the autolysosome, some of the GFP puncta 
detected by fluorescence microscopy may correspond to 
early autolysosomes prior to GFP quenching. These numbers 
may increase substantially in pathological conditions where 
lysosomal/autolysosomal acidification is impaired. The mini 
Singlet Oxygen Generator (miniSOG) fluorescent flavopro
tein, which is less than half the size of GFP, provides an 
additional means to genetically tag proteins for CLEM ana
lysis under conditions that are particularly suited to subse
quent TEM analysis [123], with the caveat that single oxygen 
targets aromatic amino acids, promoting artefactual protein 
damage as well as double bonds in lipids, promoting lipid 
peroxidation [124]. Combinatorial assays using tandem 
monomeric red fluorescent protein (mRFP)-GFP-LC3 (see 
Tandem mRFP/mCherry-GFP fluorescence microscopy) or 
other markers for acidic autophagic vacuoles (e.g., Keima) 
along with static TEM images should help in the analysis of 
flux and the visualization of cargo structures [125].

Another technique that has proven quite useful for analyz
ing the complex membrane structures that participate in 
autophagy is 3-dimensional electron tomography [126–128], 
and cryoelectron microscopy (cryo-EM; Figure 5) [129]. More 
sophisticated, cryo-soft X-ray tomography (cryo-SXT) is an 
emerging imaging technique used to visualize autophago
somes [130]. Cryo-SXT extracts ultrastructural information 
from whole, unstained mammalian cells as close to the 
“near-native” fully-hydrated (living) state as possible. 
Correlative studies combining cryo-fluorescence and cryo- 
SXT workflow (cryo-CLXM) have been applied to capture 
early autophagosomes. In order to study the structural biology 
of purified autophagy components and complexes, high-reso
lution cryo-EM combined with 3-dimensional structure deter
mination is also increasingly being used as an alternative to X- 
ray crystallography or nuclear magnetic resonance (NMR) 
spectroscopy [131, 132].
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Finally, although only as an indirect measurement, the 
comparison of the ratio of autophagosomes to autolysosomes 
by TEM can support alterations in autophagy identified by 
other procedures [133]. In this case, it is important to always 
compare samples to the control of the same cell type and in 
the same growth phase, and to acquire data at different time 
points, as the autophagosome:autolysosome ratio varies in 
time in a cell context-dependent fashion, depending on their 
clearance activity. An additional category of lysosomal com
partments, especially common in disease states and aged 
postmitotic cells such as neurons, muscle cells and retinal 
pigment epithelium, is represented by residual bodies. This 
category includes ceroid and lipofuscin, lobulated vesicular 
compartments of varying size composed of highly indigestible 
complexes of protein and lipid, and abundant, mostly inac
tive, acid hydrolases. Reflecting end-stage unsuccessful incom
plete autolysosomal digestion, lipofuscin is fairly easily 
distinguished from AVs and lysosomes by TEM but can be 
easily confused with autolysosomes in immunocytochemistry 
studies at the light microscopy level [76, 134]; lipofuscin has 
broad spectral emission, and is the main cause of autofluor
escence in tissues.

TEM observations of platinum-carbon replicas obtained by 
the freeze fracture technique can also supply useful ultrastruc
tural information on the autophagic process. In quickly frozen 
and fractured cells the fracture runs preferentially along the 
hydrophobic plane of the membranes, allowing characteriza
tion of the limiting membranes of the different types of 
autophagic vacuoles, and visualization of their limited protein 
intramembrane particles/integral membrane proteins (IMPs). 
Several studies have been carried out using this technique on 
yeast [135], as well as on mammalian cells or tissues including 
the mouse exocrine pancreas [136], the mouse and rat liver 
[137, 138], mouse seminal vesicle epithelium [28, 88], rat 
tumor and heart [139], and cancer cell lines (e.g., breast 
cancer MDA-MB-231) [140] to investigate the various phases 
of autophagosome maturation, and to reveal useful details 

about the origin and evolution of their limiting membranes 
[6, 141–144].

The phagophore and the limiting membranes of autopha
gosomes contain few, or no detectable, IMPs (Figure 6A,B), 
when compared to other cellular membranes and to the 
membranes of lysosomes. In subsequent stages of the auto
phagic process the fusion of the autophagosome with an endo
some and a lysosome results in increased density of IMPs in the 
membrane of the formed autophagic compartments (amphi
amphisomes, autolysosomes; Figure 6C) [6, 28, 135–138, 145, 
146]. Autolysosomes are delimited by a single membrane 
because, in addition to the engulfed material, the inner mem
brane is also degraded by the lytic enzymes. Similarly, the 
limiting membrane of autophagic bodies in yeast (and presum
ably plants) is also quickly broken down under normal condi
tions. Autophagic bodies can be stabilized, however, by the 
addition of phenylmethylsulphonylfluoride (PMSF) or geneti
cally by the deletion of the yeast PEP4 gene (see The Cvt 
pathway, mitophagy, pexophagy, piecemeal microautophagy of 
the nucleus and late nucleophagy in yeast and filamentous 
fungi). Thus, another method to consider for monitoring auto
phagy in yeast (and potentially in plants) is to count autophagic 
bodies by TEM using at least two time points [147]. The 
advantage of this approach is that it can provide accurate 
information on flux even when the autophagosomes are abnor
mally small [148, 149]. Thus, although a high frequency of 
“abnormal” structures presents a challenge, TEM is still very 
helpful in analyzing autophagy.
���������	
 �����: Despite the introduction of many new 

methods, TEM maintains its special role in autophagy 
research. There are, however, difficulties in utilizing TEM. It 
is relatively time consuming and needs technical expertise to 
ensure proper handling of samples in all stages of preparation 
from fixation to sectioning and staining. It should be noted 
that some of the hurdles linked to ultrathin section prepara
tion can be overcome by using focused ion beam scanning 
electron microscopy (FIB-SEM) technology, which enables the

�������
	� Cryoelectron microscopy can be used as a three-dimensional approach to monitor the autophagic process. Computed sections of an electron tomogram of 
the autophagic vacuole-rich cytoplasm in a hemophagocyte of a semi-thin section after high-pressure freezing preparation. The dashed area is membrane-free (A) 
but tomography reveals newly formed or degrading membranes with a parallel stretch (B). Image published previously [4082] and provided by M. Schneider and P. 
Walter.
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operator to selectively ablate in a nanometer scale a previously 
marked region of the sample by using a focused ion current 
from a gallium source. The milling process can be interrupted 
every few nanometers to take high-resolution images of cross 
sections by the SEM column [150]. Moreover, the prospects 
for application of cryopreparation techniques have been 
improved; the notoriously slow process of freeze substitution 
of frozen samples can be accelerated tremendously by sample 
agitation using either an experimental setup or agitation 
modules within automated freeze-substitution units 
[151, 152].

After the criteria for sample preparation are met, an 
important problem is the proper identification of autophagic 
structures. This is crucial for both qualitative and quantitative 
characterization, and needs considerable experience, even in 
the case of one cell type. The difficulty lies in the fact that 
many subcellular components may be mistaken for autopha
gic structures. For example, some authors (or reviewers of 
manuscripts) assume that almost all cytoplasmic structures 
that, in the section plane, are surrounded by two (more or 
less) parallel membranes are autophagosomes. Structures 
appearing to be limited by a double membrane, however, 
may include swollen mitochondria, plastids in plant cells, 
cellular interdigitations, endocytosed apoptotic bodies, circu
lar structures of lamellar smooth endoplasmic reticulum (ER), 
and even areas surrounded by rough ER. Endosomes, phago
somes and secretory vacuoles may have heterogeneous con
tent that makes it possible to confuse them with 
autolysosomes. Additional identification problems may arise 
from damage caused by improper sample collection or fixa
tion artefacts [66, 67, 153, 154].

Whereas fixation of in vitro samples is relatively straight
forward, fixation of excised tissues requires care to avoid 
sampling a nonrepresentative, uninformative, or damaged 
part of the tissue. For instance, if 95% of a tumor is necrotic, 
TEM analysis of the necrotic core may not be informative, 
and if the sampling is from the viable rim, this needs to be 
specified when reported. Clearly, this introduces the potential 
for subjectivity because reviewers of a paper cannot request 
multiple images with a careful statistical analysis with these 
types of samples. In addition, ex vivo samples are not typically 

randomized during processing, further complicating the pos
sibility of valid statistical analyses. Ex vivo tissue should be 
fixed immediately and systematically across samples to avoid 
changes in autophagy that may occur simply due to the 
elapsed time ex vivo. It is recommended that for tissue sam
ples, perfusion fixation should be used when possible. Rapid 
freezing techniques such as high-pressure freezing followed by 
freeze substitution (i.e., dehydration and chemical fixation at 
low temperature) have a widely accepted potential for 
improved sample preparation. Consequently, cryopreparation 
protocols have been established for many molecular biological 
model organisms and tissue culture [155]. Such cryoprepara
tion techniques have already proven especially useful for 
elucidation of autophagy in yeast [156, 157].

Quantification of autophagy by TEM morphometry can be 
very useful and accurate, but, unfortunately, unreliable proce
dures still continue to be used. For the principles of reliable 
quantification and to avoid misleading results, excellent 
reviews are available [12, 158–160]. In line with the basic 
principles of morphometry we find it necessary to emphasize 
here some common problems with regard to quantification. 
Counting autophagic vacuole profiles in sections of cells (i.e., 
number of autophagic profiles per cell profile) may give 
unreliable results, partly because both cell areas and profile 
areas are variable and also because the frequency of section 
profiles depends on the size of the vacuoles. However, estima
tion of the number of autophagic profiles per cell area is more 
reliable and correlates well with the volume fraction men
tioned below [161]. There are morphometric procedures to 
measure or estimate the size range and the number of sphe
rical objects by profiles in sections [160]; however, such 
methods have been used in autophagy research only a few 
times [42, 149, 162, 163].

Proper morphometric procedures return data as µm3 

autophagic vacuole/µm3 cytoplasm for relative volume (also 
called volume fraction or volume density), or µm2 autophagic 
vacuole surface/µm3 cytoplasm for relative surface (surface 
density). Examples of actual morphometric measurements 
for the characterization of autophagic processes can be 
found in several articles [22, 154, 160, 164, 165]. It is appro
priate to note here that a change in the volume fraction of the

��������	� Different autophagic vacuoles observed after freeze fracturing in cultured osteosarcoma cells after treatment with the autophagy inducer voacamine [143]. 
(A) Early autophagosome delimited by a double membrane. (B) Inner monolayer of an autophagosome membrane deprived of protein particles. (C) Autolysosome 
delimited by a single membrane rich in protein particles. In the cross-fractured portion (on the right) the profile of the single membrane and the inner digested 
material are easily visible. Images provided by S. Meschini, M. Condello and A. Giuseppe.
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autophagic compartment may come from two sources; from 
the real growth of its size in a given cytoplasmic volume, or 
from the decrease of the cytoplasmic volume itself. To avoid 
this so-called “reference trap,” the reference space volume can 
be determined by different methods [158, 166]. If different 
magnifications are used for measuring the autophagic 
vacuoles and the cytoplasm (which may be practical when 
autophagy is less intense) correction factors should always be 
used.

In some cases, it may be prudent to employ tomographic 
reconstructions of TEM images to confirm that the autopha
gic compartments are spherical and are not being confused 
with interdigitations observed between neighboring cells, 
endomembrane cisternae or damaged mitochondria with 
similar appearance in thin-sections (e.g., see ref. [167]), but 
this is obviously a time-consuming approach requiring 
sophisticated equipment. In addition, interpretation of tomo
graphic images can be problematic. For example, starvation- 
induced autophagosomes should contain cytoplasm (i.e., cyto
sol and possibly organelles), but autophagosome-related 
structures involved in specific types of autophagy should 
show the selective cytoplasmic target, but may be relatively 
devoid of bulk cytoplasm. Such processes include selective 
peroxisome or mitochondria degradation (pexophagy or 
mitophagy, respectively) [168, 169], targeted degradation of 
pathogenic microbes (xenophagy) [170–175], a combination 
of xenophagy and stress-induced mitophagy [176], as well as 
the yeast biosynthetic cytoplasm-to-vacuole targeting (Cvt) 
pathway [177]. Furthermore, some pathogenic microbes 
express membrane-disrupting factors during infection (e.g., 
phospholipases) that disrupt the normal double-membrane 
architecture of autophagosomes [178]. It is not even clear if 
the sequestering compartments used for specific organelle 
degradation or xenophagy should be termed autophagosomes 
or if alternate terms such as pexophagosome [179], mitopha
gosome and xenophagosome should be used, even though the 
membrane and mechanisms involved in their formation may 
be identical to those for starvation-induced autophagosomes. 
Indeed, the double-membrane vesicle of the Cvt pathway is 
referred to as a Cvt vesicle [180].

The confusion of heterophagic structures with autophagic 
ones is a major source of misinterpretation. A prominent 
example of this is related to cell death. Apoptotic bodies 
from neighboring cells can be readily phagocytosed by surviv
ing cells of the same tissue [181, 182]. Immediately after 
phagocytic uptake of apoptotic bodies, phagosomes may 
appear as double membraned. The inner one is the plasma 
membrane of the apoptotic body and the outer one is that of 
the phagocytizing cell. The early heterophagic vacuole formed 
in this way may appear similar to an autophagosome or, in a 
later stage, an early autolysosome in that it contains recogniz
able or identifiable cytoplasmic material. A major difference, 
however, is that the surrounding membranes are the thicker 
plasma membrane type, rather than the thinner sequestration 
membrane type [153]. A good feature to distinguish between 
autophagosomes and double plasma membrane-bound struc
tures is the lack of the distended empty space (characteristic 
for the sequestration membranes of autophagosomes) 
between the two membranes of the phagocytic vacuoles. In 

addition, engulfed apoptotic bodies usually have a larger 
average size than autophagosomes [183, 184]. The problem 
of heterophagic elements interfering with the identification of 
autophagic ones is most prominent in cell types with particu
larly intense heterophagic activity (such as macrophages, and 
amoeboid or ciliate protists). Special attention has to be paid 
to this problem in cell cultures or in vivo treatments (e.g., 
with toxic or chemotherapeutic agents) causing extensive cell 
death.

The most common organelles confused with autophagic 
vacuoles are mitochondria, ER, endosomes, and also (depend
ing on their structure) plastids in plants. Due to the cisternal 
structure of the ER, double membrane-like structures sur
rounding mitochondria or other organelles are often observed 
after sectioning [185], but these can also correspond to cis
ternae of the ER coming into and out of the section plane 
[66]. If there are ribosomes associated with these membranes 
they can help in distinguishing them from the ribosome-free 
double-membrane of the phagophore and autophagosome. 
Observation of a mixture of early and late autophagic vacuoles 
that is modulated by the time point of collection and/or brief 
pulses of bafilomycin A1 to trap the cargo in a recognizable 
early state [55] increases the confidence that an autophagic 
process is being observed. In these cases, however, the possi
bility that feedback activation of sequestration gets involved in 
the autophagic process has to be carefully considered. To 
minimize the impact of errors, exact categorization of auto
phagic elements should be applied. Efforts should be made to 
clarify the nature of questionable structures by extensive pre
liminary comparison in many test areas. Elements that still 
remain questionable should be categorized into special groups 
and measured separately. Should their later identification 
become possible, they can be added to the proper category 
or, if not, kept separate.

For nonspecialists it can be particularly difficult to distin
guish among amphisomes, autolysosomes and lysosomes, 
which are all single-membrane compartments containing 
material that has been more or less degraded. Therefore, 
we suggest in general to measure autophagosomes as a sepa
rate category for a start, and to compile another category of 
degradative compartments (including amphisomes, autoly
sosomes and lysosomes). All of the autophagic compart
ments increase in quantity upon true autophagy induction; 
however, in pathological states, it may be informative to 
discriminate among these different forms of degradative 
compartments, which may be differentially affected by dis
ease factors. By applying both immuno-TEM and Airyscan 
confocal imaging, it is possible to obtain a comprehensive 
and quantitative analysis of LAMP1 distribution in various 
autophagic organelles in neurons [186, 187]. A significant 
portion of LAMP1-labeled organelles lack major lysosomal 
hydrolases, and LAMP1 intensity is not a sensitive readout to 
assess autophagic deficits in familial amyotrophic lateral 
sclerosis-linked motor neurons in vivo [188, 189]. Thus, cau
tion is warranted when interpreting LAMP1-labeled autolyso
somes and labeling a set of active lysosomal hydrolases 
combined with various autophagic markers would be necessary 
to assess degradative autolysosomes under physiological and 
pathological conditions.
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������� �	� LC3-I conversion and LC3-II turnover. (A) Expression levels of LC3-I and LC3-II during starvation. �������� (wild-type) and 
������� MEFs were cultured in 
DMEM without amino acids and serum for the indicated times, and then subjected to immunoblot analysis using anti-LC3 antibody and anti-tubulin antibody. E-64d 
(10 µg/ml) and pepstatin A (10 µg/ml) were added to the medium where indicated. Positions of LC3-I and LC3-II are marked. The inclusion of lysosomal protease 
inhibitors reveals that the apparent decrease in LC3-II is due to lysosomal degradation as easily seen by comparing samples with and without inhibitors at the same 
time points (the overall decrease seen in the presence of inhibitors may reflect decreasing effectiveness of the inhibitors over time). Monitoring autophagy by 
following steady-state amounts of LC3-II without including inhibitors in the analysis can result in an incorrect interpretation that autophagy is not taking place (due 
to the apparent absence of LC3-II). Conversely, if there are high levels of LC3-II but there is no change in the presence of inhibitors this may indicate that induction 
has occurred but that the final steps of autophagy are blocked, resulting in stabilization of this protein. This figure was modified from data previously published in 
ref. [30], and is reproduced by permission of Landes Bioscience, copyright 2007. (B) Lysates of four human adipose tissue biopsies were resolved on two 12% 
polyacrylamide gels, as described previously [292]. Proteins were transferred in parallel to either a PVDF or a nitrocellulose membrane, and blotted with anti-LC3 
antibody, and then identified by reacting the membranes with an HRP-conjugated anti-rabbit IgG antibody, followed by ECL. The LC3-II:LC3-I ratio was calculated 
based on densitometry analysis of both bands. *, P< 0.05. (C) HEK 293 and HeLa cells were cultured in nutrient-rich medium (DMEM containing 10% fetal calf serum) 
or incubated for 4 h in starvation conditions (Krebs-Ringer medium) in the absence (-) or presence (+) of E-64d and pepstatin at 10 µg/ml each (Inhibitors). Cells were 
then lysed and the proteins resolved by SDS-PAGE. Endogenous LC3 was detected by immunoblotting. Positions of LC3-I and LC3-II are indicated. In the absence of 
lysosomal protease inhibitors, starvation results in a modest increase (HEK 293 cells) or even a decrease (HeLa cells) in the amount of LC3-II. The use of inhibitors 
reveals that this apparent decrease is due to lysosome-dependent degradation. This figure was modified from data previously published in ref. [240], and is 
reproduced by permission of Landes Bioscience, copyright 2005. (D) Sequence and schematic representation of the different forms of LC3B. The sequence for the 
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slight increase of LC3-II after nutrient deprivation, whereas 
LC3-I is clearly reduced. This is likely related to a high basal 
autophagic flux, as suggested by the higher increase in LC3-II 
when cells are treated with NH4Cl [207, 208], although cell- 
specific differences in transcriptional regulation of LC3 may 
also play a role. In fact, stimuli or stress that inhibit transcrip
tion or translation of LC3 might actually be misinterpreted as 
inhibition of autophagy, and vice versa—stimuli or stress that 
increase transcription or translation of LC3 might be misin
terpreted as activation of autophagy. The LC3-I:LC3-II ratio 
can vary across brain cancer cells depending on the basal level 
of autophagy, a phenomenon that can influence further ana
lysis of autophagy activation upon stressful conditions such as 
hypoxia [209]. Importantly, in brain spinal cord and dorsal 
root ganglia tissue, LC3-I is much more abundant than LC3-II 
[210, 211] and the latter form is most easily discernible in 
enriched fractions of autophagosomes, autolysosomes and ER, 
and may be more difficult to detect in crude homogenate or 
cytosol [212]. It is possible to readily detect both LC3-I and 
LC3-II in brain and spinal cord lysates with the use of a gel 
that allows sufficient separation of the LC3-I/LC3-II bands so 
the strong LC3-I band does not interfere with detection of the 
much weaker LC3-II band (e.g., a 4-20% gradient gel or a 4- 
12% Bis-Tris gel using MES buffer) [213, 214]. In studies of 
the brain, immunoblot analysis of the membrane and cytosol 
fraction from a cell lysate, upon appropriate loading of sam
ples to achieve quantifiable and comparative signals, can be 
useful to measure LC3 forms. For more accurate quantifica
tion of LC3-I and LC3-II levels, a correction factor for differ
ential immunoreactivity of the two forms can be obtained 
through analyses of LC3-I and LC3-II protein levels upon 
ATG4-mediated delipidation [32].

The pattern of LC3-I to LC3-II conversion seems to be not 
only cell specific, but also related to the kind of stress to which 
cells are subjected. For example, SH-SY5Y cells display a 
strong increase of LC3-II when treated with the proton gra
dient uncoupler CCCP, a well-known disruptor of the mito
chondrial membrane potential and inducer of mitophagy 
(although it has also been reported that CCCP may actually 
inhibit mitophagy [215]). Thus, neither assessment of LC3-I 
consumption nor the evaluation of LC3-II levels would neces
sarily reveal a slight induction of autophagy (e.g., by rapamy
cin). Also, there is not always a clear precursor/product 
relationship between LC3-I and LC3-II, because the conver
sion of the former to the latter is cell type-specific and depen
dent on the treatment used to induce autophagy. 
Accumulation of LC3-II, which is generally proportional 
with time, can be obtained through the following: i) By inter
rupting the autophagosome-lysosome fusion step (e.g., by 
depolymerizing acetylated microtubules with vinblastine); ii) 
by inhibiting the ATP2A/SERCA calcium pump with thapsi
gargin [216]; iii) by specifically inhibiting the V-ATPase with 

bafilomycin A1 [217–219]; iv) or by raising the lysosomal pH 
by the addition of CQ [220, 221]. It should be noted that some 
of these treatments may increase autophagosome numbers by: 
i) Disrupting the lysosome-dependent activation of MTOR 
(mechanistic target of rapamycin kinase) complex 1 
(MTORC1), a major suppressor of autophagy induction 
[222, 223] (note that the original term “mTOR” was named 
to distinguish the “mammalian” target of rapamycin from the 
yeast proteins [224]); ii) by inhibiting lysosome-mediated 
proteolysis (e.g., with a cysteine protease inhibitor such as 
E-64d, the aspartic protease inhibitor pepstatin A, the 
cysteine, serine and threonine protease inhibitor leupeptin 
or treatment with bafilomycin A1, NH4Cl or CQ [220, 225– 
227]); iii) by inhibiting autophagosome-lysosome fusion (by 
treatment with bafilomycin A1 [218]). It should also be noted 
that low concentration treatment with lysosomal inhibitors 
increases lysosomal activity [228]. Western blotting can be 
used to monitor changes in LC3 amounts (Figure 7) [30, 
229]; however, even if the total amount of LC3 does increase, 
the magnitude of the response is generally less than that 
documented in yeast. It is worth noting that because the 
conjugated forms of the GABARAP subfamily members are 
usually undetectable without induction of autophagy in mam
malian and other vertebrate cells [230, 231], these proteins 
might be more suitable than LC3 to study and quantify subtle 
changes in autophagy induction.

As Atg8-family proteins are often synthesized with a C- 
terminal extension that is removed by Atg4, this processing 
event can be used to monitor Atg4 activity. For example, 
when GFP or tags such as HA, MYC or FLAG are fused at 
the C terminus of Atg8 (Atg8-GFP, etc.), the epitope is 
removed in the cytosol to generate free Atg8 and the corre
sponding tag. This processing can be easily monitored by 
western blot [232, 233]. It is also possible to use assays with 
an artificial fluorogenic substrate, or a fusion of LC3B to 
PLA2 (phospholipase A2) that allows the release of the active 
phospholipase for a subsequent fluorogenic assay [234], and 
there is a Förster resonance energy transfer (FRET)-based 
assay utilizing CFP- and YFP-tagged versions of LC3B and 
GABARAPL2 that can be used for high-throughput screening 
[235]. Another method to monitor ATG4 activity in vivo uses 
the release of Gaussia luciferase from the C terminus of LC3 
that is tethered to actin [236]. Note that there are 4 homologs 
of yeast Atg4 in mammals, and they have different activities 
with regard to the Atg8-family proteins [237]. ATG4A is able 
to cleave the GABARAP subfamily, but has very limited 
activity toward the LC3 subfamily, whereas ATG4B is appar
ently active against most or all of these proteins [194, 195]. 
The ATG4C and ATG4D isoforms have minimal activity for 
any of the Atg8-family protein homologs. In particular, 
because Atg4/ATG4 will cleave a C-terminal fusion immedi
ately, researchers should be careful to specify whether they are 

nascent (proLC3) from mouse is shown. The glycine at position 120 indicates the cleavage site for ATG4. After this cleavage, the truncated LC3 is referred to as LC3-I, 
which is still a soluble form of the protein. Conjugation to PE generates the membrane-associated LC3-II form (equivalent to Atg8–PE).

������� �	� (Continued).
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using GFP-Atg8 (or GFP-LC3/GABARAP; an N-terminal 
fusion, which can be used to monitor various steps of auto
phagy) or Atg8-GFP (or LC3/GBARAP-GFP; a C-terminal 
fusion, which can only be used to monitor Atg4/ATG4 activ
ity) [238].
���������	
 �����: There are several important caveats 

to using Atg8/LC3-II/GABARAP-II to visualize fluctua
tions in autophagy. First, changes in LC3-II amounts are 
tissue- and cell context-dependent [239, 240]. Indeed, in 
some cases, autophagosome accumulation detected by TEM 
does not correlate well with the amount of LC3-II (Tallóczy 
Z, de Vries RLA, and Sulzer D, unpublished results; 
Eskelinen E-L, unpublished results). This is particularly 
evident in those cells that show low levels of LC3-II 
(based on western blotting) because of an intense autopha
gic flux that consumes this protein, or in cell lines having 
high levels of LC3-II that are tumor-derived, such as HeLa 
cells [240]. Conversely, the detectable formation of LC3-II 
is not sufficient evidence for autophagy. For example, 
homozygous deletion of Becn1 does not prevent the forma
tion of LC3-II in embryonic stem cells even though auto
phagy is substantially reduced, whereas deletion of Atg5 
results in the complete absence of LC3-II (see Fig. 6A and 
supplemental data in ref. [241]). The same is true for the 
generation of Atg8–PE in yeast in the absence of VPS30/ 
ATG6 (see Fig. 7 in ref. [242]). Thus, it is important to 
remember that not all of the autophagy-related proteins are 
required for Atg8-family protein processing, including lipi
dation [242]. Fluctuations in the detection and amounts of 
LC3-I versus LC3-II present technical problems. For exam
ple, LC3-I is very abundant in brain tissue, and the inten
sity of the LC3-I band may obscure detection of LC3-II, 
unless the polyacrylamide crosslinking density is optimized, 
or the membrane fraction of LC3 is first separated from the 
cytosolic fraction [41]. Conversely, some cell lines have 
much less visible LC3-I compared to LC3-II. In addition, 
tissues may have asynchronous and heterogeneous cell 
populations, and this variability may present challenges 
when analyzing LC3 by western blotting.

Second, LC3-II also associates with the membranes of 
nonautophagic structures. For example, some members of 
the γ-protocadherin family undergo clustering to form intra
cellular tubules that emanate from lysosomes [243]. LC3-II is 
recruited to these tubules, where it appears to promote or 
stabilize membrane expansion. Furthermore, LC3 can be 
recruited directly to apoptotic cell-containing phagosome 
membranes [244, 245], macropinosomes [244], the parasito
phorous vacuole of Toxoplasma gondii [246], and single- 
membrane entotic vacuoles [244], as well as to bacteria-con
taining phagosome membranes under certain immune acti
vating conditions, for example, toll-like receptor (TLR)- 
mediated stimulation in LC3-associated phagocytosis [247, 
248]. Importantly, LC3 is involved in secretory trafficking as 
it has been associated with secretory granules in mast cells 
[249] and PC12 hormone-secreting cells [250]. LC3 is also 
detected on secretory lysosomes in osteoclasts [251] and in 
amphisome-like structures involved in mucin secretion by 
goblet cells [252]. Therefore, in studies of infection of mam
malian cells by bacterial pathogens, the identity of the LC3-II 

labelled compartment as an autophagosome should be con
firmed by a second method, such as TEM. It is also worth 
noting that autophagy induced in response to bacterial infec
tion is not directed solely against the bacteria but can also be a 
response to remnants of the phagocytic membrane [253]. 
Similar cautions apply with regard to viral infection. For 
example, coronaviruses induce autophagosomes during infec
tion through the expression of nsp6; however, coronaviruses 
also induce the formation of double-membrane vesicles that 
are coated with LC3-I, and this plays an autophagy-indepen
dent role in viral replication [254, 255]. Similarly, nonlipi
dated LC3 marks replication complexes in flavivirus (Japanese 
encephalitis virus)-infected cells and is essential for viral 
replication [256]. Along these lines, during herpes simplex 
virus type 1 (HSV-1) infection, an LC3+ autophagosome-like 
organelle that is derived from nuclear membranes and that 
contains viral proteins is observed [257], whereas influenza A 
virus directs LC3 to the plasma membrane via an LC3-inter
acting region (LIR) motif in its M2 protein [258]. In addition, 
shedding microvesicles isolated from HSV-1-infected cells are 
positive for LC3-II, suggesting a role for the autophagic path
way in microvesicle-mediated HSV-1 spread [259]. Moreover, 
in vivo studies have shown that coxsackievirus (an entero
virus) induces formation of autophagy-like vesicles in pan
creatic acinar cells, together with extremely large autophagy- 
related compartments that have been termed megaphago
somes [260]; the absence of ATG5 disrupts viral replication 
and prevents the formation of these structures [261]. Of note, 
LC3 not only attaches to membrane lipids, but can also be 
covalently linked to other proteins [262], thus complicating 
interpretation of its distribution in cells.

Third, caution must be exercised in general when evaluat
ing LC3 by western blotting, and appropriate standardization 
controls are necessary. For example, LC3-I may be less sensi
tive to detection by certain anti-LC3 antibodies; antibodies 
targeting the N-terminal region show lower binding efficiency 
of LC3-I compared to polyclonal antibodies against the entire 
protein, leading to a different interpretation of LC3 turnover 
(Figure 8) (C. Leschczyk, P. Cebollada Rica, U.E. Schaible, 
unpublished results) [263]. Moreover, LC3-I is more labile 
than LC3-II, being more sensitive to freezing-thawing and to 
degradation in SDS sample buffer. Therefore, fresh samples 
should be boiled and assessed as soon as possible and should 
not be subjected to repeated freeze-thaw cycles. Alternatively, 
trichloroacetic acid precipitation of protein from fresh cell 
homogenates can be used to protect against degradation of 
LC3 by proteases that may be present in the sample. A general 
point to consider when examining transfected cells concerns 
the efficiency of transfection. A western blot will detect LC3 in 
the entire cell population, including those that are not trans
fected. Thus, if transfection efficiency is too low, it may be 
necessary to use methods, such as fluorescence microscopy, 
that allow autophagy to be monitored in single cells. In 
summary, the analysis of the gel shift of transfected LC3 or 
GFP-LC3 can be employed to follow LC3 lipidation only in 
highly transfectable cells [264].

When dealing with animal tissues, western blotting of LC3 
should be performed on frozen biopsy samples homogenized 
in the presence of general protease inhibitors (C. Isidoro, 
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personal communication; see also Human) [265]. Caveats 
regarding detection of LC3 by western blotting have been 
covered in a dedicated review [30]. For example, PVDF mem
branes may result in a stronger LC3-II retention than nitro
cellulose membranes, possibly due to a higher affinity for 
hydrophobic proteins (Figure 7B; J. Kovsan and A. Rudich, 
personal communication), and Triton X-100 may not effi
ciently solubilize LC3-II in some systems [266]. Heating in 
the presence of 1% SDS, or analysis of membrane fractions 
[41], may assist in the detection of the lipidated form of this 
protein. This observation is particularly relevant for cells with 
a high nucleocytoplasmic ratio, such as lymphocytes. Under 
these constraints, direct lysis in Laemmli loading buffer, con
taining SDS, just before heating, greatly improves LC3 detec
tion on PVDF membranes, especially when working with a 
small number of cells (F. Gros, unpublished observations) 
[267]. Analysis of a membrane fraction is particularly useful 
for brain, where levels of soluble LC3-I greatly exceed the level 
of LC3-II.

One of the most important issues is the quantification of 
changes in LC3-II, because this assay is one of the most widely 
used in the field and is rather prone to misinterpretation. 
Levels of LC3-II should be compared not to LC3-I (see the 
caveat in the next paragraph), but ideally to more than one 
“housekeeping” protein (HKP) such as ACTB/β-actin. Actin 
and other HKPs, however, are usually abundant and can easily 
be overloaded on the gel [268] such that their density is 
saturated and, as such, they are not detected within a linear 
range. Moreover, actin levels may decrease when autophagy is 
induced in many organisms from yeast to mammals. Similar 

considerations apply to GAPDH, at least in some cell types (L. 
Galluzzi, personal communication) [269]. For any proteins 
used as “loading controls” (including actin, tubulin, MAPK1 
[270–272] and GAPDH) multiple exposures of the western 
blot are generally necessary to ensure that the signals are 
detected in the linear range when using film. Alternatively, 
the western blot signals can be detected using a gel imaging 
system compatible with secondary antibodies with infrared 
fluorescence, or an instrument that takes multiple chemilu
minescence exposures and automatically selects the optimal 
exposure times. Another alternative approach is to stain for 
total cellular proteins with Coomassie Brilliant Blue or 
Ponceau Red [273] instead of using HKPs, but that approach 
is generally less sensitive and may not reveal small differences 
in protein loading. Stain-Free gels, which also stain for total 
cellular proteins, have been shown to be an excellent alter
native to HKPs [274].

It is important to realize that ignoring the level of LC3-I in 
favor of LC3-II normalized to HKPs may not provide the full 
picture of the cellular autophagic response [239, 275]. For 
example, in aging rat skeletal muscle, the increase in LC3-I 
is at least as important as that for LC3-II [276, 277]. Yet in 
other settings, autophagy induction triggers a significant 
decrease in LC3-I levels, along with an increase in LC3-II 
levels, presumably due to its increased conversion into LC3- 
II [278]. Quantification of both isoforms is therefore informa
tive, but requires adequate conditions of electrophoretic 
separation. This is particularly important for samples where 
the amount of LC3-I is high relative to LC3-II (as in brain 
tissues, where the LC3-I signal can be overwhelming). Under 
such a scenario, it may be helpful to use 15% or 16% poly
acrylamide gels or gradient gels to increase the separation of 
LC3-I from LC3-II. Furthermore, because the dynamic range 
of LC3 immunoblots is generally quite limited, it is imperative 
that other assays be used in parallel in order to draw valid 
conclusions about changes in autophagy activity.

Fourth, in mammalian cells LC3 is expressed as multiple 
isoforms (LC3A, LC3B, LC3B2 and LC3C [279, 280]), which 
exhibit different tissue distributions and whose functions are 
still poorly understood. A point of caution along these lines is 
that the increase in LC3A-II versus LC3B-II levels may not 
display equivalent changes in all organisms under autophagy- 
inducing conditions, and it should not be assumed that LC3B 
is the optimal protein to monitor [281]. A key technical 
consideration is that the isoforms may exhibit different spe
cificities for antisera or antibodies. Thus, it is highly recom
mended that investigators report exactly the source and 
catalog number of the antibodies used to detect LC3 as this 
might help avoid discrepancies between studies (reporting 
company and catalog number is a requirement for publishing 
in the journal Autophagy [282]). The current commercialized 
anti-LC3B antibodies also recognize LC3A, but do not recog
nize LC3C, which shares less sequence homology. It is impor
tant to note that LC3C possesses in its primary amino acid 
sequence the DYKD motif that is recognized with a high 
affinity by anti-FLAG antibodies. Thus, the standard anti- 
FLAG M2 antibody can detect and immunoprecipitate over
expressed LC3C, and caution has to be taken in experiments 
using FLAG-tagged proteins (M. Biard-Piechaczyk and L. 
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��������	� Different LC3B-I:LC3B-II ratios indicating turnover were assessed using 
a mono- as well as polyclonal anti-LC3B antibody. Monocytes were isolated from 
human whole blood and differentiated into monocyte-derived macrophages 
(MDMs) by incubation in human CSF1/M-CSF for 1 week. To induce autophagy, 
cells were starved by reducing the FCS concentration to 1% for one day. 
Monocytes, and resting and starved MDMs were lysed with Laemmli buffer; 
the proteins were separated by SDS-PAGE and analyzed by western blot. 
Membranes were labeled using a monoclonal antibody to the N terminus of 
LC3B (Novus, clone 1251D, NBP2-59800) or polyclonal antibodies (Sigma, L7543). 
Relative intensity of LC3B-I and LC3B-II was quantified with Image Lab™ to 
calculate LC3B-II:LC3B-I ratios.
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Espert, personal communication). Note that according to 
Ensembl there is no LC3C in mouse or rat.

In addition, it is important to keep in mind the other 
subfamily of Atg8 proteins, the GABARAP subfamily (see 
above) [198, 283]. Both starvation-induced autophagy and 
PINK1-PRKN-dependent mitophagy, as noted above, predo
minantly require the GABARAP subfamily over the LC3 sub
family [32, 34, 35]. Moreover, certain types of mitophagy 
induced by BNIP3L/NIX are highly dependent on 
GABARAP and less dependent on LC3 proteins [284, 285]. 
Furthermore, commercial antibodies for GABARAPL1 also 
recognize GABARAP [32, 193], which might lead to misinter
pretation of experiments, in particular those using immuno
histochemical techniques. Sometimes the problem with cross- 
reactivity of the anti-GABARAPL1 antibody can be overcome 
when analyzing these proteins by western blot because the 
isoforms can be resolved during SDS-PAGE using high con
centration (15%) gels, as GABARAP migrates faster than 
GABARAPL1 (M. Boyer-Guittaut, personal communication; 
also see Fig. S4 in ref. [32]). Because GABARAP and 
GABARAPL1 can both be proteolytically processed and lipi
dated, generating GABARAP-I or GABARAPL1-I and 
GABARAP-II or GABARAPL1-II, respectively, this may lead 
to a misassignment of the different bands. As soon as highly 
specific antibodies that are able to discriminate between 
GABARAP and GABARAPL1 become available, we strongly 
advise their use; until then, we recommend caution in inter
preting results based on the detection of these proteins by 
western blot. Antibody specificity can be assessed after com
plete inhibition of GABARAP (or any other Atg8-family pro
tein) expression by RNA interference [32, 231]. In general, we 
advise caution in choosing antibodies for western blotting and 
immunofluorescence experiments and in interpreting results 
based on stated affinities of antibodies unless these have been 
clearly determined.

As with any western blot, proper methods of quantification 
must be used, which are, unfortunately, often not well dis
seminated; readers are referred to an excellent paper on this 
subject (see ref. [286]). Unlike the other members of the 
GABARAP family, almost no information is available on 
GABARAPL3, perhaps because it is not yet possible to differ
entiate between GABARAPL1 and GABARAPL3 proteins, 
which have 94% identity. As stated by the laboratory that 
described the cloning of the human GABARAPL1 and 
GABARAPL3 genes [283], their expression patterns are appar
ently identical. It is worth noting that GABARAPL3 is the only 
gene of the GABARAP subfamily that seems to lack an ortho
log in mice [283]. GABARAPL3 might therefore be considered 
as a pseudogene without an intron that is derived from 
GABARAPL1. Hence, until new data are published, 
GABARAPL3 should not be considered as the fourth member 
of the GABARAP family. Another important consideration is 
that lipidated LC3/GABARAP isoforms (particularly 
GABARAP and GABARAPL1) can be unstable in non-dena
tured cell lysates due to ATG4B delipidation activity, even in 
the presence of a protease inhibitor cocktail. This can result in 
an underestimation of the true physiological levels of lipidated 
LC3/GABARAP detected by western blotting. To avoid this 
artefact, N-ethylmaleimide can be included in lysis buffer to 

irreversibly inhibit ATG4B, or lysis can be performed under 
reducing and denaturing conditions [287].

Fifth, in non-mammalian species, the discrimination of 
Atg8–PE from the nonlipidated form can be complicated by 
their nearly identical SDS-PAGE mobilities and the presence 
of multiple isoforms (e.g., there are nine in Arabidopsis). In 
yeast, it is possible to resolve Atg8 (the nonlipidated form) 
from Atg8–PE by including 6 M urea in the SDS-PAGE 
separating gel [288], or by using a 15% resolving gel without 
urea (F. Reggiori, personal communication). Similarly, urea 
combined with prior treatment of the samples with (or with
out) PLD (phospholipase D; that will remove the PE moiety) 
can often resolve the ATG8 species in plants [289, 290]. It is 
also possible to label cells with radioactive ethanolamine, 
followed by autoradiography to identify Atg8–PE, and a C- 
terminal peptide can be analyzed by mass spectrometry (MS) 
to identify the lipid modification at the terminal glycine 
residue. Special treatments are not needed for the separation 
of mammalian LC3-I from LC3-II. However, in human cells, 
pro-LC3B and LC3B-II are indistinguishable by western blot
ting [291], and a PLD cleavage assay may be required to 
discriminate between the two isoforms [287], which is parti
cularly important under conditions where ATG4 activity is 
reduced.

Sixth, it is important to keep in mind that ATG8, and to a 
lesser extent LC3, undergoes substantial transcriptional and 
posttranscriptional regulation. Accordingly, to obtain an 
accurate interpretation of Atg8-family protein levels it is also 
necessary to monitor the mRNA levels. Without analyzing the 
corresponding mRNA, it is not possible to discriminate 
between changes that are strictly reflected in altered amounts 
of protein versus those that are due to changes in transcrip
tion (e.g., the rate of transcription, or mRNA stability). For 
example, in cells treated with the calcium ionophore A23187 
or the ER calcium pump blocker thapsigargin, an obvious 
correlation is found between the time-dependent increases 
in LC3B-I and LC3B-II protein levels, as well as with the 
observed increase in LC3B mRNA levels [216]. Clinically, in 
human adipose tissue, protein and mRNA levels of LC3 in 
omental fat are similarly elevated in obese compared to lean 
individuals [292]. Post-translational modifications, such as 
phosphorylation of LC3, may also affect its migration and/or 
the avidity of certain antibodies [293].

Seventh, LC3-I can be fully degraded by the 20S protea
some or, more problematically, processed to a form (LC3-T) 
appearing equal in size to LC3-II on a western blot; LC3-T 
was identified in HeLa cells and is devoid of the ubiquitin 
conjugation domain, thus lacking its adaptor function for 
autophagy [294].

Eighth, although it is usually possible to distinguish the 
nonlipidated (LC3-I) and lipidated (LC3-II) forms of LC3 
using standard SDS-PAGE and western blotting (see above), 
some other protein separation systems fail to differentiate 
between them. For example, the widely used WES system, 
based on capillary electrophoresis and Simple Western™ tech
nology (in which all assay steps, from protein separation, 
immunoprobing, detection and analysis of data are fully auto
mated), can solve many problems found in traditional western 
blotting [295]; however, using this system it is not possible to 
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distinguish LC3-I and LC3-II forms (see Figure 9 for compar
ison of separation of LC3 forms in traditional western blotting 
and WES). Most likely, this is due to unusual (i.e., inconsis
tent with the actual molecular mass) migration of LC3-II in 
SDS-PAGE which does not take place during gel-free capillary 
electrophoresis [296]. Therefore, although the WES system is 
excellent for rapid and accurate detection of the vast majority 
of proteins, and makes it possible to avoid various technical 
problems met in traditional western blotting, including those 
met in studies on subjects related to autophagy (see for 
example [297, 298]), it is not recommended for experiments 
where it is important to resolve LC3-I and LC3-II. This 
problem has been widely discussed with representatives of 
the WES system manufacturer who confirmed that it is tech
nically not possible to separate these two forms of LC3 using 
Simple Western™ technology (K. Pierzynowska and G. 
Wegrzyn, personal communication). Nonetheless, the WES 
system can still be used to monitor changes in the total 
amount of LC3, and can thus provide useful information, 
especially in conjunction with other assays.
���
������: Atg8-family proteins are often excellent mar

kers for autophagic structures; however, it must be kept in 
mind that there are multiple LC3 isoforms, there is a second 
family of mammalian Atg8-like proteins (GABARAPs), and 
antibody affinity (for LC3-I versus LC3-II) and specificity (for 
example, for LC3A versus LC3B) must be considered and/or 
determined. Moreover, LC3/GABARAP levels on their own 
do not address issues of autophagic flux. Finally, even when 
flux assays are carried out, there is a problem with the limited 
dynamic range of LC3/GABARAP immunoblots; accordingly, 

this method should not be used by itself to analyze changes in 
autophagy.


� ��������	 ��	 ������ !��"#$%&	 !����’��
�	 ���(�	
Autophagic flux is often inferred on the basis of LC3-II turn
over, measured by western blot (Figure 7C) [240] in both the 
presence and absence of lysosomal, or vacuolar degradation. 
However, it should be cautioned that such LC3 assays are 
merely indicative of autophagic “carrier flux”, not of actual 
autophagic cargo/substrate flux. It has, in fact, been observed 
that in rat hepatocytes, an autophagic-lysosomal flux of LC3-II 
can take place in the absence of an accompanying flux of 
cytosolic bulk cargo [299]. The relevant parameter in LC3 
assays is the difference in the amount of LC3-II in both the 
presence and absence of saturating levels of inhibitors, which 
can be used to examine the transit of LC3-II through the 
autophagic pathway; if flux is occurring, the amount of LC3- 
II will be higher in the presence of the inhibitor [240]. 
Lysosomal degradation can be prevented through the use of 
protease inhibitors (e.g., pepstatin A, leupeptin and E-64d), 
compounds that neutralize the lysosomal pH such as bafilomy
cin A1, CQ or NH4Cl [17, 206, 220, 226, 300, 301], or by 
treatment with agents that block the fusion of autophagosomes 
with lysosomes (note that CQ blocks autophagy predominantly 
by inhibiting autophagosome-lysosome fusion [302] and that 
bafilomycin A1 will ultimately cause a fusion block as well as 
neutralize the pH [218], but the inhibition of fusion may be 
due to a block in ATP2A/SERCA activity [303]) [217–219, 
304]. Alternatively, knocking down or knocking out LAMP2 
(lysosomal associated membrane protein 2) represents a genetic 
approach to block the fusion of autophagosomes and lysosomes 
(for example, inhibiting LAMP2 in leukemic cells results in a 
marked increase of GFP-LC3 puncta and endogenous LC3-II 
protein compared to control cells upon autophagy induction 
during myeloid differentiation [M.P. Tschan, unpublished 
data], whereas in prostate cancer LNCaP cells, knocking 
down LAMP2 prevents autophagy [305]) [306]. This approach, 
however, is only valid when the knockdown of LAMP2 is 
directed against the mRNA region specific for the LAMP2B 
spliced variant, as targeting the region common to the three 
variants would also inhibit chaperone-mediated autophagy 
(CMA), which may result in the compensatory upregulation 
of autophagy [133, 307, 308].

Increased levels of LC3-II in the presence of lysosomal 
inhibition or interfering with autophagosome-lysosome fusion 
alone (e.g., with bafilomycin A1), may be indicative of greater 
induction and cargo sequestration, but to assess whether a 
particular treatment alters complete autophagic flux through 
substrate digestion, the treatment plus bafilomycin A1 must 
be compared with results obtained with treatment alone as 
well as with bafilomycin A1 alone. An additive or supra- 
additive effect in LC3-II levels may indicate that the treatment 
enhances autophagic flux (Figure 7C). Moreover, higher LC3- 
II levels with treatment plus bafilomycin A1 compared to 
bafilomycin A1 alone may indicate that the treatment 
increases the synthesis of autophagy-related membranes. If 
the treatment by itself increases LC3-II levels, but the treat
ment plus bafilomycin A1 does not increase LC3-II levels 
compared to bafilomycin A1 alone, this may indicate that
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������� �	� Detection of nonlipidated (LC3-I) and lipidated (LC3-II) forms of the 
LC3 protein using (A) traditional SDS-PAGE and western blotting or (B) the WES 
System (WES - Automated Western Blots with Simple Western; ProteinSimple, 
San Jose, CA, USA). HEK 293 cells were cultured in DMEM medium, containing 
10% fetal bovine serum and a penicillin-streptomycin mixture, at 37°C in a 
humidified atmosphere with 5% CO2. Cell cultures were treated with medium 
devoid of fetal bovine serum (-FBS) or with chloroquine (CQ; final concentration 
10 µM) for 2 h. The forms of the LC3 protein were detected using anti-LC3 
antibodies (MBL International, PM036). Materials from the same samples were 
used in experiments presented in panels A and B. The LC3-I and LC3-II forms can 
be effectively separated using traditional SDS-PAGE and western blotting, 
whereas these two forms of LC3 cannot be distinguished by using the WES 
system. Results provided by K. Pierzynowska, L. Gaffke and G. Wegrzyn.
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the treatment induced a partial block in autophagic flux. 
Thus, a treatment condition increasing LC3-II on its own 
that has no difference in LC3-II in the presence of bafilomycin 
A1 compared to treatment alone may suggest a complete 
block in autophagy at the terminal stages [309]. This proce
dure has been validated with several autophagy modulators 
[310]. With each of these techniques, it is essential to avoid 
assay saturation. The duration of the bafilomycin A1 treat
ment (or any other inhibitor of autophagic flux such as CQ) 
needs to be relatively short (1-4 h) [311] to allow comparisons 
of the amount of LC3 that is lysosomally degraded over a 
given time frame under one treatment condition to another 
treatment condition. A concentration-curve and time-course 
standardization for the use of autophagic flux inhibitors is 
required for the initial optimization of the conditions to 
detect LC3-II accumulation and avoid nonspecific or sec
ondary effects, and to exclude the possibility of a remaining 
residual flux, if inhibition is incomplete [312]. By using a 
rapid screening approach, such as a colorimetric based-plat
form method [313], it is possible to monitor a long time 
frame for autolysosome accumulation, which closely associ
ates with autophagy activation [314–317]. Positive control 
experiments using treatment with known autophagy indu
cers, along with bafilomycin A1 versus vehicle, are important 
to demonstrate the utility of this approach in each experi
mental context.

In some circumstances it may be important to evaluate 
alterations in autophagy flux once autophagy is induced by a 
particular agent or genetic manipulation. In that case, steady- 
state measurements are not adequate. This can be useful for 
example to evaluate if a gene modification by itself enhances 
or impairs autophagosome synthesis or degradation quantita
tively (e.g., Clec16a [318–320]). With this aim, cells should be 
treated with an autophagy inducer in the presence and 
absence of a degradation inhibitor. As the LC3-II basal levels 
in the steady state may be different, it is necessary to establish 
a ratio to evaluate LC3-II synthesis and degradation flux. 
Therefore, the synthesis ratio can be considered as the rate 
of LC3-II levels in the presence of the inducer and the inhi
bitor divided by the LC3-II level in the presence of the 
inhibitor alone. Similarly, the degradation ratio would be the 
ratio of LC3-II levels in the cells treated with the inducer and 
the inhibitor divided by the LC3-II levels in the presence of 
the inducer alone. By comparing LC3-II synthesis and degra
dation ratios among different conditions, such as a gene 
modification, we can evaluate whether autophagy flux is 
modified by increasing or decreasing LC3-II synthesis or 
degradation phases [321, 322]. Alternatively, the degradation 
can be determined by calculating LC3-II levels in the presence 
of inducer and the inhibitor minus the levels in the presence 
of inducer alone [323].

The same type of assay monitoring the turnover of Atg8–PE 
can be used to monitor flux in yeast, by comparing the amount 
of Atg8 present in a wild-type versus a pep4∆ strain following 
autophagy induction [324]; however, it is important to be aware 
that the PEP4 knockout can influence yeast cell physiology (e.g., 
the inability to degrade and hence recycle autophagic cargo may 
trigger a starvation response). PMSF, which inhibits the activity 
of Prb1, can also be used to block Atg8–PE turnover.

Due to the advances in time-lapse fluorescence microscopy 
and the development of photoswitchable fluorescent proteins, 
autophagic flux can also be monitored by assessing the half- 
life of the LC3 protein [325, 326] post-photoactivation, by 
quantitatively measuring the autophagosomal pool size and 
its transition time [327], or by quantifying the rate of auto
phagosome formation [328]. Here, single-cell fluorescence 
live-cell imaging-based approaches, in combination with 
micropatterning, have shown accurate quantitative monitor
ing of autophagic flux that allows standardization of basal and 
induced flux in key cell types and model systems [312, 329] 
(Figure 10). These approaches deliver invaluable information 
on the kinetics of the system and the time required to clear a 
complete autophagosomal pool. Nonetheless, care must be 
taken for this type of analysis as changes in transcriptional/ 
translational regulation of LC3 might also affect the readout.

Finally, autophagic flux can be monitored based on the 
turnover of LC3-II, by utilizing a luminescence-based assay. 
For example, a reporter assay based on the degradation of 
Renilla reniformis luciferase (Rluc)-LC3 fusion proteins is well 
suited for screening compounds affecting autophagic flux 
[330]. In this assay, Rluc is fused N-terminally to either 
wild-type LC3 or a lipidation-deficient mutant of LC3 
(G120A). Because WT Rluc-LC3, in contrast to Rluc- 
LC3G120A, specifically associates with autophagosomal mem
branes, WT Rluc-LC3 is more sensitive to autophagic degra
dation. A change in autophagy-dependent LC3 turnover can 
thus be estimated by monitoring the change in the ratio of 
luciferase activities between the two cell populations expres
sing either WT Rluc-LC3 or Rluc-LC3G120A. In its simplest 
form, the Rluc-LC3-assay can be used to estimate autophagic 
flux at a single time point by defining the luciferase activities 
in cell extracts. Moreover, the use of a live cell luciferase 
substrate makes it possible to monitor changes in autophagic 
activity in live cells in real time. This method has been 
successfully used to identify positive and negative regulators 
of autophagy from cells treated with microRNA, siRNA and 
small molecule libraries [330–336].
���������	
 �����: The use of a radioactive pulse-chase 

analysis, which assesses complete autophagic flux, provides 
an alternative to lysosomal protease inhibitors [204]. 
Although such inhibitors should still be used to verify that 
degradation is lysosome dependent. In addition, drugs must 
be used at concentrations and for time spans that are effective 
in inhibiting fusion or degradation, but that do not provoke 
cell death. Thus, these techniques may not be practical in all 
cell types or in tissues from whole organisms where the use of 
protease inhibitors is problematic, and where pulse labeling 
requires artificial short-term culture conditions that may 
induce autophagy. Another concern when monitoring flux 
via LC3-II turnover may be seen in the case of a partial 
autophagy block; in this situation, agents that disrupt auto
phagy (e.g., bafilomycin A1) will still result in an increase in 
LC3-II. Thus, care is needed in interpretation. For character
izing new autophagy modulators, it is ideal to test autophagic 
flux at early (e.g., 4 h) and late (e.g., 24 h) time points, because 
in certain instances, such as with calcium phosphate precipi
tates, a compound may increase or decrease flux at these two 
time points, respectively [204]. Moreover, it is important to 
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consider assaying autophagy modulators in a long-term 
response in order to further understand their effects. Finally, 
many of the chemicals used to inhibit autophagy, such as 
bafilomycin A1, NH4Cl or CQ (see Autophagy inhibitors and 
inducers), also directly inhibit the endocytosis/uncoating of 
viruses (D.R. Smith, personal communication), and other 
endocytic events requiring low pH, as well as exit from the 
Golgi (S. Tooze, personal communication). As such, agents 
that neutralize endosomal compartments should be used only 
with extreme caution in studies investigating autophagy-virus 
interactions. One means to address this is to carefully titrate 
the amounts of inhibitors to use, because, for example, low 
nanomolar amounts of bafilomycin A1 can affect autophagy 
without apparently affecting acidification during influenza 
virus infections [337].

One additional consideration is that it may not be absolutely 
necessary to follow LC3-II turnover if other substrates are 
being monitored simultaneously. For example, an increase in 
LC3-II levels in combination with the lysosomal (or ideally 
autophagy-specific) removal of an autophagic substrate (such 
as an organelle [338, 339]) that is not a good proteasomal 

substrate provides an independent assessment of autophagic 
flux. However, it is probably prudent to monitor both turnover 
of LC3-II and an autophagosome substrate in parallel, due to 
the fact that LC3 might be coupled to endosomal membranes 
and not just autophagosomes, and the levels of well-character
ized autophagosome substrates such as SQSTM1/p62 can also 
be affected by proteasome inhibitors [340].

Another issue relates to the use of protease inhibitors (see 
Autophagy inhibitors and inducers). When using lysosomal 
protease inhibitors, it is of fundamental importance to assess 
proper conditions of inhibitor concentration and time of pre- 
incubation to ensure full inhibition of lysosomal cathepsins. 
In this respect, 1 h of pre-incubation with 10-20 µM E-64d is 
sufficient in most cases, because this inhibitor is membrane 
permeable and rapidly accumulates within lysosomes, but 
another frequently used inhibitor, leupeptin, requires at least 
6 h pre-incubation [78, 341]. Moreover, pepstatin A is mem
brane impermeable (ethanol or preferably DMSO must be 
employed as a vehicle) and requires a prolonged incubation 
(> 8 h) and a relatively high concentration (>50-100 µM) to 
fully inhibit lysosomal CTSD (Figure 11). An incubation of 

Bafilomycin A1 Bafilomycin A1

Basal autophagy Rapamycin-induced autophagy

�������
�	� Measuring autophagic flux and pool size of pathway intermediates at the single-cell level: autophagosome, autolysosome and lysosome pool size and flux 
data, characterizing MEF cells with a basal flux of 25 autophagosomes/h/cell, which increases upon rapamycin treatment to 105 autophagosomes/h/cell. Scale bar: 20 
µm. This figure was previously published in ref. [312].
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this duration, however, can be problematic due to indirect 
effects (see GFP-Atg8-family protein lysosomal delivery and 
partial proteolysis). At least in neurons, pepstatin A alone is 
a less effective lysosomal proteolytic block, and combining a 
lysosomal cysteine protease (i.e., cathepsin) inhibitor with it is 
most effective [78]. Also, note that the relative amount of 

lysosomal CTSB (cathepsin B) and CTSD is cell-specific and 
changes with culture conditions. A possible alternative to 
pepstatin A is the pepstatin A BODIPY® FL conjugate [342, 
343], which is transported to lysosomes via endocytosis. In 
contrast to the protease inhibitors, CQ (10-40 µM) or bafilo
mycin A1 (1-100 nM) can be added to cells immediately prior 
to autophagy induction, although in some cases a pre-incuba
tion with bafilomycin A1 should be considered. bafilomycin 
A1 requires ~30 min to increase lysosomal pH [226, 344]; 
therefore, a pre-incubation of 30 min is required in case of 
short autophagy induction times. Because cysteine protease 
inhibitors may upregulate CTSD and some such as E-64d and 
its derivatives have potential inhibitory activity toward cal
pains, whereas bafilomycin A1 can have potential significant 
cytotoxicity, especially in cultured neurons and pathological 
states, the use of both methods may be important in some 
experiments to exclude off-target effects of a single method.
���
������: It is important to be aware of the difference 

between monitoring the steady-state level of Atg8-family pro
teins and autophagic flux. The latter may be assessed by 
following Atg8-family proteins in the absence and presence 
of autophagy flux inhibitors (such as lysosomal degradation 
inhibitors), and by examining the autophagy-dependent 
degradation of appropriate substrates. In particular, if there 
is any evidence of an increase in LC3-II (or autophagosomes), 
it is essential to determine whether this represents an induc
tion of autophagy and increased synthesis of LC3, or 
decreased flux and the subsequent accumulation of LC3 due 
to a block in fusion or degradation, through the use of 
inhibitors such as CQ, bafilomycin A1 or lysosomal protease 
inhibitors. In the case of a suspected impaired degradation, 
assessment of lysosomal function (i.e., pH or activity of lyso
somal enzymes) is then required to validate the conclusion 
and to establish the basis.

�� )*$�!��"����
��	 �����
�	 ���������	 ���
����	 ���	 ����
��	
���������
�� GFP-LC3B (hereafter referred to as GFP-LC3) 
has also been used to follow flux. It should be cautioned 
that, as with endogenous LC3, an assessment of autophagic 
GFP-LC3 flux is a carrier flux that cannot be equated with, 
and is not necessarily representative of, an autophagic cargo 
flux. When GFP-Atg8 or GFP-LC3 is delivered to a lysosome/ 
vacuole, the Atg8-family protein part of the chimera is sensi
tive to degradation, whereas the GFP protein is relatively 
resistant to hydrolysis (note, however, that GFP fluorescence 
is quenched by low pH; see GFP-Atg8-family protein fluores
cence microscopy and Tandem mRFP/mCherry-GFP fluores
cence microscopy). Therefore, the appearance of free GFP on 
western blots can be used to monitor lysis of the inner 
autophagosome membrane and breakdown of the cargo in 
metazoans (Figure 12A) [324, 345, 346], or the delivery of 
autophagosomes to, and the breakdown of autophagic bodies 
within, the fungal [347–349] and plant vacuole [289, 290, 324, 
350]. Reports on Dictyostelium discoideum and mammalian 
cells highlight the importance of lysosomal pH as a critical 
factor in the detection of free GFP that results from the 
degradation of fused proteins. In these cell types, free GFP 
fragments are only detectable in the presence of nonsaturating 
levels of lysosomotropic compounds (NH4Cl or CQ) or under 
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	� Effect of different inhibitors on LC3-II accumulation. SH-SY5Y human 
neuroblastoma cells were plated and allowed to adhere for a minimum of 24 h, 
then treated in fresh medium. Treatments were as follows: rapamycin (Rap), (A) 1 
µM, 4 h or (B) 10 µM, 4 h; E-64d, final concentration 10 µg/ml from a 1 mg/ml 
stock in ethanol (EtOH); NH4Cl (NH4

+), final concentration 10 mM from a 1 M 
stock in water; pepstatin A (Pst), final concentration 10 µg/ml from a 1 mg/ml 
stock in ethanol, or 68.6 µg/ml from a 6.86 mg/ml stock in DMSO; ethanol or 
DMSO, final concentration 1%. Pre-incubations in (B) were for 1 or 4 h as 
indicated. 10 mM NH4Cl (or 30 µM CQ, not shown) were the most effective 
compounds for demonstrating the accumulation of LC3-II. E-64d was also effec
tive in preventing the degradation of LC3-II, with or without a preincubation, but 
ammonium chloride (or CQ) may be more effective. Pepstatin A at 10 µg/ml with 
a 1-h pre-incubation was not effective at blocking degradation, whereas a 100 
µM concentration with 4-h pre-incubation had a partial effect. Thus, alkalinizing 
compounds are more effective in blocking LC3-II degradation, and pepstatin A 
must be used at saturating conditions to have any noticeable effect. Images 
provided by C. Isidoro. Note that the band running just below LC3-I at approxi
mately 17.5 kDa may be a processing intermediate of LC3-I; it is detectable in 
freshly prepared homogenates, but is less visible after the sample is subjected to 
a freeze-thaw cycle.
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conditions that attenuate lysosomal acidity; otherwise, the 
autophagic/degradative machinery appears to be too efficient 
to allow the accumulation of the proteolytic fragment (Figure 
12B,C) [40, 64, 351]. Hence, a reduction in the intensity of the 
free GFP band may indicate reduced flux, but it may also be 
due to efficient turnover. Using a range of concentrations and 
treatment times of compounds that inhibit autophagy can be 
useful in distinguishing between these possibilities [352]. 
Because the pH in the yeast vacuole is higher than that in 
mammalian or D. discoideum lysosomes, the levels of free 
GFP fragments are detectable in yeast even in the absence of 
lysosomotropic compounds [52]. Additionally, in yeast the 
diffuse fluorescent haze from the released GFP moiety within 
the vacuole lumen can be observed by fluorescence 
microscopy.

The dynamic movement to lysosomes of GFP-LC3, or of 
its associated cargo, also can be monitored by time-lapse 

fluorescence microscopy, although, as mentioned above, the 
GFP fluorescent signal is more sensitive to acidic pH than 
other fluorophores (see GFP-Atg8-family protein fluorescence 
microscopy). A time-course evaluation of the cell population 
showing GFP-LC3 puncta can serve to monitor the autopha
gic flux, because a constant increase in the number of cells 
accumulating GFP-LC3 puncta is suggestive of defective 
fusion of autophagosomes with lysosomes. Conversely, a 
decline implies that GFP-LC3 is delivered to properly acid
ified lysosomes and may, in addition, reflect proteolytic elim
ination within them, although the latter needs to be 
independently established. In either case, it can be proble
matic to use GFP fluorescence to follow flux, as new GFP-LC3 
is continuously being synthesized. A potential solution to this 
problem is to follow the fluorescence of a photoactivatable 
version of the fluorescent protein [353], which allows this 
assay to be performed essentially as a pulse/chase analysis. 
Another alternative to follow flux is to monitor GFP-LC3 
fluorescence by adding lysosomal protease or fusion inhibitors 
to cells expressing GFP-LC3 and monitoring changes in the 
number of puncta. In this case, the presence of lysosomal 
inhibitors should increase the number of GFP-LC3-positive 
structures, and the absence of an effect on the total number of 
GFP-LC3 puncta or on the percentage of cells displaying 
numerous puncta is indicative of a defect(s) in autophagic 
flux [64, 354]. The combination of protease inhibitors (to 
prevent the degradation of GFP) or compounds that modify 
lysosomal pH and/or block fusion of autophagosomes such as 
NH4Cl, bafilomycin A1 or CQ, or compounds that block 
fusion of autophagosomes with lysosomes such as bafilomycin 
A1 or others (e.g., vinblastine) may be most effective in pre
venting lysosome-dependent decreases in GFP-LC3 puncta. 
However, because the stability of GFP is affected by lysosomal 
pH, researchers may also consider the use of protease inhibi
tors whether or not lysosomotropic compounds or fusion 
inhibitors are included.
���������	
�����: The GFP-Atg8 processing assay is used 

routinely to monitor autophagy in yeast. One caveat, how
ever, is that this assay is not always carried out in a quanti
tative manner. For example, western blot exposures need to 
be in the linear range. Accordingly, an enzymatic assay such 
as the Pho8∆60 assay may be preferred (see Autophagic 
protein degradation) [355, 356], especially when the differ
ences in autophagic activity need to be determined precisely 
(note that an equivalent assay has not been developed for 
more complex eukaryotic cells); however, as with any 
enzyme assay, appropriate caution must be used regarding, 
for example, substrate concentrations and linearity. The 
Pho8∆60 assay also requires a control to verify equal 
Pho8∆60 expression in the different genetic backgrounds 
or conditions to be tested [356]; differences in Pho8∆60 
expression potentially affect its activity and may thus cause 
misinterpretation of results. Another issue to keep in mind is 
that GFP-Atg8 processing correlates with the surface area of 
the inner sphere of the autophagosome, and thus provides a 
smaller signal than assays that measure the volume of the 
autophagosome. Pgk1 (3-phosphoglycerate kinase)-GFP pro
cessing [52] is another assay that can be used to monitor 
autophagy.
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������� 
�	� GFP-LC3 processing can be used to monitor delivery of autophago
somal membranes. (A) 
������� MEFs engineered to express Atg5 under the 
control of the Tet-off promoter were grown in the presence of doxycycline 
(Dox; 10 ng/ml) for one week to suppress autophagy. Cells were then cultured 
in the absence of drug for the indicated times, with or without a final 2-h 
starvation. Protein lysates were analyzed by western blot using anti-LC3 and 
anti-GFP antibodies. The positions of untagged and GFP-tagged LC3-I and LC3-II, 
and free GFP are indicated. This figure was modified from data previously 
published in ref. [346], FEBS Letters, 580, Hosokawa N, Hara Y, Mizushima N, 
Generation of cell lines with tetracycline-regulated autophagy and a role for 
autophagy in controlling cell size, pp. 2623-2629, copyright 2006, with permis
sion from Elsevier. (B) Differential role of unsaturating and saturating concentra
tions of lysosomal inhibitors on GFP-LC3 cleavage. HeLa cells stably transfected 
with GFP-LC3 were treated with various concentrations of CQ for 6 h. Total 
lysates were prepared and subjected to immunoblot analysis. (C) CQ-induced 
free GFP fragments require classical autophagy machinery. Wild-type and 
�������
MEFs were first infected with adenovirus GFP-LC3 (100 viral particles per cell) for 
24 h. The cells were then either cultured in regular culture medium with or 
without CQ (10 µM), or subjected to starvation in EBSS buffer in the absence or 
presence of CQ for 6 h. Total lysates were prepared and subjected to immunoblot 
analysis. Panel B and C are modified from the data previously published in ref. 
[351].
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A thorough analysis of GFP proteolysis in plant roots 
reveals the importance of normalizing to tissue-specific repor
ter expression and autophagic activity range [102, 357]. For 
instance, GFP-ATG8 expression in Arabidopsis thaliana is 
typically highest in the root apical meristem, but the response 
to the autophagy-inducing conditions in this root zone is 
much lower compared to the rest of the root. Thus, excluding 
this root zone from the samples for western blot provides a 
much more reliable readout of the GFP-ATG8 proteolysis.

As a note of caution, GFP-LC3 has been demonstrated to 
be present in protein aggregates in an autophagy-unrelated 
manner and this association is dependent on its interaction 
with SQSTM1. This interaction poses potential difficulties to 
distinguish LC3 bound to aggregates from those on autopha
gosomes [358]. The main limitation of the GFP-LC3 proces
sing assay in mammalian cells is that its usefulness seems to 
depend on cell type and culture conditions (N. Hosokawa and 
N. Mizushima, unpublished data). Apparently, GFP is more 
sensitive to mammalian lysosomal hydrolases than to the 
degradative milieu of the yeast vacuole or the lysosomes in 
Drosophila. Alternatively, the lower pH of mammalian lyso
somes relative to that of the yeast vacuole may contribute to 
differences in detecting free GFP. Under certain conditions 
(such as Earle’s balanced salt solution [EBSS]-induced starva
tion) in some cell lines, when the lysosomal pH becomes 
particularly low, free GFP is undetectable because both the 
LC3-II and free GFP fragments are quickly degraded [273]. 
Therefore, if this method is used it should be accompanied by 
immunoblotting and include controls to address the stability 
of nonlysosomal GFP such as GFP-LC3-I. It should also be 
noted that free GFP can be detected when cells are treated 
with nonsaturating doses of inhibitors such as CQ, E-64d and 
bafilomycin A1. The saturating concentrations of these lyso
somal inhibitors vary in different cell lines, and it would be 
better to use a saturating concentration of lysosomal inhibi
tors when performing an autophagic flux assay [273]. 
Therefore, caution must be exercised in interpreting the data 
using this assay; it would be helpful to combine an analysis of 
GFP-LC3 processing with other assays, such as the monitor
ing of endogenous LC3-II by western blot.

Along these lines, a caution concerning the use of the 
EGFP fluorescent protein for microscopy is that this fluoro
phore has a relatively neutral pH optimum for fluorescence 
[263], and its signal diminishes quickly during live cell ima
ging due to the acidic environment of the lysosome. It is 
possible to circumvent this latter problem by imaging paraf
ormaldehyde-fixed cultures that are maintained in a neutral 
pH buffer, which retains EGFP fluorescence (M. Kleinman 
and J.J. Reiners, personal communication). Alternatively, it 
may be preferable to use a different fluorophore such as 
mRFP or mCherry, which retain fluorescence even at acidic 
pH [341]. On the one hand, a putative advantage of mCherry 
over mRFP is its enhanced photostability and intensity, which 
are an order of magnitude higher (and comparable to GFP), 
enabling acquisition of images at similar exposure settings as 
are used for GFP, thus minimizing potential bias in interpre
tation [342]. On the other hand, caution is required when 
evaluating the localization of mCherry fusion proteins during 
autophagy due to the persistence of the mCherry signal in 

acidic environments; all tagged proteins are prone to show 
enrichment in lysosomes during nonselective autophagy of 
the cytoplasm, especially at higher expression levels. In addi
tion, red fluorescent proteins (even the monomeric forms) 
can be toxic due to oligomer formation [343]; the tendency 
to form abnormal accumulations may be a general feature of 
coral- and anemone-derived fluorescent proteins. Dendra2 is 
an improved version of the green-to-red photoswitchable 
fluorescent protein Dendra, which is derived from the octo
coral Dendronephthya sp [344]. Dendra2 is capable of irrever
sible photoconversion from a green to a red fluorescent form, 
but can be used also as normal GFP or RFP vector. This 
modified version of the fluorophore has certain properties 
including a monomeric state, low phototoxic activation and 
efficient chromophore maturation, which make it suitable for 
real-time tracking of LC3 and SQSTM1 (Figure 13; [359]). A 
newer generation of photoswitchable proteins, EOS, are now 
available that are brighter than Dendra2 and display more 
efficient photoswitching (N.A. Castello and S. Finkbeiner, in 
press). Another alternative to mRFP or mCherry is to use the 
Venus variant of YFP, which is brighter than mRFP and less 
sensitive to pH than GFP [345].

The pH optimum of EGFP is important to consider when 
using GFP-LC3 constructs, as the original GFP-LC3 marker 
[346] uses the EGFP variant, which may result in a reduced 
signal upon the formation of amphisomes or autolysosomes. 
An additional caveat when using the photoactivatable con
struct PA-GFP [301] is that the process of activation by 
photons may induce DNA damage, which could, in turn, 
induce autophagy. Also, GFP is relatively resistant to dena
turation, and boiling for 5 min may be needed to prevent the 
folded protein from being trapped in the stacking gel during 
SDS-PAGE.

As noted above (see Western blotting and ubiquitin-like 
protein conjugation systems), Atg4/ATG4 cleaves the residue 
(s) that follow the C-terminal glycine of Atg8-family proteins 
that will be conjugated to PE. Accordingly, it is critical that 
any chimeras should be constructed with the fluorescent tag at 
the amino terminus of Atg8-family proteins (unless the goal is 
to monitor Atg4/ATG4 activity).

Finally, lysosomal inhibition needs to be carefully con
trolled. Prolonged inhibition of lysosomal hydrolases (>6 h)

44.595 s0.000 s

������� 
�	� Movement of activated pDendra2-hp62 (SQSTM1; orange) from the 
nucleus (middle) to an aggregate in ARPE-19 cells, revealed by confocal micro
scopy. Cells were exposed to 5 µM MG132 for 24 h to induce the formation of 
perinuclear aggregates [4083]. The cells were then exposed to a UV pulse (the 
UV-induced area is shown by red lines that are inside of the nucleus) that 
converts Dendra2 from green to red, and the time shown after the pulse is 
indicated. SQSTM1 is present in a small nuclear aggregate, and is shuttled from 
the nucleus to a perinuclear large protein aggregate (detected as red). Scale bar: 
5 µm. Image provided by K. Kaarniranta.
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is likely to induce a secondary autophagic response triggered 
by the accumulated undigested autophagy cargo. This sec
ondary autophagic response can complicate the analysis of 
the autophagic flux, making it appear more vigorous than it 
would in the absence of the lysosomal inhibitors.
���
������: The GFP-Atg8 (or GFP-LC3/GABARAP) 

processing assay, which monitors free GFP generated within 
the vacuole/lysosome, is a convenient way to follow autopha
gy, but it does not work in all cell types, and is not as easy to 
quantify as enzyme-based assays. Furthermore, the assay mea
sures the flux of an autophagic carrier, which may not neces
sarily be equivalent to autophagic cargo flux.

�� +����������	 �����’�������	 �������
��	 ������ Upon 
phagophore closure, LC3-II on the convex side of the mem
brane is delipidated and recycled back into the cytosol, while 
that on the concave side is sequestered within the vacuole and 
delivered into the lysosome for degradation [240]. Exploiting 
the topological property of LC3, the HaloTag-LC3 (HT-LC3) 
assay is designed to analyze the process of phagophore closure 
(Figure 14A) [360]. The HaloTag is a modified haloalkane 
dehalogenase that covalently binds to synthetic HaloTag 
ligands [361]. The HT-LC3 assay employs the HaloTag-con
jugated LC3 reporter in combination with membrane-perme
able and -impermeable HaloTag ligands labelled with two

�������
�	� The HaloTag-LC3 assay distinguishes phagophores, immature autophagosomes, and mature autophagosomes and autolysosomes. (A) Schematic diagram 
of the HaloTag-LC3 (HT-LC3) assay. Cells expressing HT-LC3 are treated with a cholesterol-dependent plasma membrane permeabilizer to release cytosolic proteins 
including HT-LC3-I and sequentially labeled with a saturated dose of membrane-impermeable HaloTag ligands (MILs) conjugated with Alexa Fluor 488 (or 660) 
followed by membrane-permeable HaloTag ligands (MPLs) conjugated with tetramethylrhodamine to detect phagophores (MIL+ MPL−), immature autophagosomes 
(iAP; MIL+ MPL+), and mature autophagosomes and autolysosomes (AP and AL; MIL− MPL+). (B) U-2 OS cells were stably transduced with HT-LC3-encoding 
lentiviruses, incubated in starvation medium or control complete medium in the presence or absence of 100 nM bafilomycin A1 (BafA1) for 4 h, and subjected to the 
HT-LC3 assay followed by confocal microscopy. Magnified images of the boxed (i) and arrow-indicated (ii-v) areas are shown in the right panels. Scale bars: 10 μm (1  
μm in the magnified images).
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different fluorescent dyes to distinguish membrane-unen
closed and -enclosed HT-LC3-II. By sequentially incubating 
plasma membrane-permeabilized HT-LC3-expressing cells 
with a saturating dose of membrane-impermeable ligands 
(MILs) followed by membrane-permeable ligands (MPLs), 
phagophores, nascent autophagosomes, and mature autopha
gosomes or autolysosomes are visualized as MIL+ MPL−, 
MIL+ MPL+, and MIL− MPL+ structures, respectively (Figure 
14B). Because the cytosolic HT-LC3-I is released upon plasma 
membrane permeabilization, the assay provides a superior 
signal-to-noise ratio and the data can be semi-quantitatively 
analyzed by confocal or fluorescence microscopy. As MPL 
fluorescent signals are not retained in functional lysosomes, 
autophagic flux can also be measured by monitoring MPL 
signal accumulation upon exposure to a lysosomal inhibitor. 
Moreover, the assay has been successfully adapted to a fluor
escence-activated cell sorting (FACS)-based high-throughput 
platform to screen genes required for phagophore closure 
[362].
���������	
�����: Similar to fluorescent protein(s)-tagged 

LC3 assays, the HT-LC3 assay requires a system amenable to 
exogenous introduction. In addition, the assay requires 
plasma membrane permeabilization. Therefore, it would be 
challenging to use the assay in 3-dimensional-cultured cells, 
tissue samples, or live-cell imaging. Moreover, the current 
method employs cholesterol-dependent pore-forming agents 
such as recombinant perfringolysin O [363] and digitonin to 
permeabilize the plasma membrane. Therefore, it would also 
be challenging when a treatment or gene manipulation per
turbs plasma membrane cholesterol distribution (e.g., pro
longed treatment with a lysosomal inhibitor [Y. Takahashi 
and H.G. Wang, personal communication]). Along this line, 
because the plasma membrane cholesterol concentration is 
different among cell types, it is important to find an optimal 
permeabilization condition. If plasma membrane permeabili
zation fails or is incomplete, diffuse MPL signals, which 
represent cytosolic HT-LC3-I, will be detected in addition to 
cytoplasmic HT-LC3-II foci. In addition, it is critical to ensure 
the saturation of all available binding sites with each ligand. A 
secondary incubation with the same type of ligands conju
gated with a different fluorophore (e.g., primary incubation 
with Alexa Fluor 488-conjugated MILs followed by secondary 

incubation with Alexa Fluor 600-conjugated MILs) make it 
possible to determine an appropriate staining condition. 
Another concern for the assay is that the detection of mem
brane-unenclosed HT-LC3-II relies on the accessibility of 
MILs. Therefore, if the pore size of the closure site is too 
small to pass through MILs, HT-LC3-II on the concave side of 
phagophores will be falsely negative for MILs; the structure 
will be detected as MIL+ MPL+ in this case.
���
������: Using two HaloTag ligands with different 

membrane permeability and fluorophores, the HT-LC3 assay 
can determine each step of autophagy by distinguishing mem
brane-unenclosed and -enclosed HT-LC3-II. However, unlike 
a fluorescent protein-tagged LC3 assay, the HT-LC3 assay 
requires several optimization steps to ensure the staining 
specificity. Once optimized, this assay provides a superior 
signal-to-noise ratio and is compatible with high-throughput 
screening platforms.

�� )*$�!��"����
��	 �����
�	 ������������	 �
��������� LC3B, 
or the protein tagged at its N terminus with a fluorescent 
protein such as GFP (GFP-LC3), has been used to monitor 
autophagy through indirect immunofluorescence or direct 
fluorescence microscopy (Figure 15), measured as an increase 
in punctate LC3 or GFP-LC3 [364, 365]. The detection of 
GFP-Atg8 (or GFP-LC3/GABARAP/LGG-1/2) is also useful 
for in vivo studies using transgenic organisms such as 
Saccharomyces cerevisiae [366], Aspergillus nidulans [348], 
Caenorhabditis elegans [367], D. discoideum [368], filamen
tous ascomycetes [369–373], Ciona intestinalis [374], 
Drosophila melanogaster [375–377], A. thaliana [378], Zea 
mays [379], Trypanosoma brucei [380–382], Leishmania 
major [383–385], Trypanosoma cruzi [386, 387], zebrafish 
[328, 388] and mice [239]. “Super-resolution” fluorescence 
images of GFP-LC3-positive phagophores have been shown 
in platelets prepared from GFP-LC3 mice by “super-resolu
tion” microscopy (specifically, 3-dimensional structured illu
mination microscopy/3D-SIM) to be similar to what was 
observed by TEM [389, 390]. It is also possible to use anti- 
Atg8-family protein antibodies for immunocytochemistry or 
immunohistochemistry (IHC) [265, 391–397], procedures 
that have the advantages of detecting the endogenous protein, 
obviating the need for transfection and/or the generation of a

Control Rapamycin Rapamycin + 3-MA

������� 

	� Changes in the detection and localization of GFP-LC3 upon the induction of autophagy. U87 cells stably expressing GFP-LC3 were treated with PBS 
(Control), rapamycin (200 nM), or rapamycin in combination with 3-MA (2 mM) for 24 h. Representative fluorescence images of cells counterstained with DAPI (nuclei) 
are shown. Scale bar: 10 µm. This figure was modified from Figure 6 published in ref. [364], Badr et al. Lanatoside C sensitizes glioblastoma cells to tumor necrosis 
factor–related apoptosis-inducing ligand and induces an alternative cell death pathway. Neuro-Oncology, 13(11):1213-24, 2011, by permission of Oxford University 
Press.
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Quick guide

1. Whenever possible, use more than one assay to moni
tor autophagy.

2. Whenever possible, include flux measurements for au
tophagy (e.g., using timed inhibitor studies to estimate 
cargo degradation rates or using tandem fluorochrome 
assays for maturation such as RFP-EGFP-LC3 or, pre
ferably, cargo-specific variations thereof).

3. Whenever possible, use genetic inhibition of autopha
gy to complement studies with nonspecific pharmaco
logical inhibitors such as 3-MA.

4. For analysis of genetic inhibition, a minimum of two 
ATG genes (including for example BECN1, ATG7, LC3/ 
GABARAP or ULK1) should be targeted to help ensure 
the phenotype is due to inhibition of autophagy.

5. When monitoring GFP-LC3 puncta formation, provide 
quantification, ideally in the form of number of puncta 
per cell. In cells that are difficult to transfect, endogenous 
LC3 puncta can be monitored by immunofluorescence.

6. Whenever possible, use antibodies that detect specific 
isoforms of LC3 and GABARAP proteins.

7. For the interpretation of decreased SQSTM1 levels, 
measure mRNA levels and use strong lysis reagents 
(such as SDS), proteasome inhibitors and a pan-cas
pase inhibitor to ensure that the reduced SQSTM1 
amount is not due to reduced biosynthesis, accumula
tion of detergent-resistant aggregates that are not solu
bilized in Triton X-100, proteasomal degradation or a 
caspase-induced cleavage of the protein.

8. Whenever possible, monitor autophagic responses 
using both short-term and long-term assays.
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