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Preface


In editing this, the eighth edition of Kendig and Chernick’s Disorders of the Respiratory Tract in Children, we are struck by how much has changed since the last edition. There have been remarkable new understandings of the basic mechanisms of lung disease in the last 7 years. We have recognized this by creating two new sections, each of which has a section editor: the section on Interstitial Lung Disease in Children edited by Robin Deterding and the Aerodigestive Section edited by Thomas Boat. Every chapter has been extensively updated and revised since the last edition, and there is an increased emphasis on the molecular mechanisms of disease and genetics. To save space we have limited the number of references in the paper version of the book, but the full reference lists are available in the online version.


There are now six editors who have enjoyed the collaboration on identification of authors, review of outlines, working with the individual chapter authors, and editing their work. With this edition we are joined by Robin Deterding of the University of Colorado and Felix Ratjen from the University of Toronto. Our plan is to add two new editors with each edition to establish a rotation that will allow some of us older ones to rotate off in the future. However, as you might have noticed, nobody has rotated off so far! However, we are delighted to recognize Dr. Victor Chernick’s many years of contribution to the book with the change in its name.


There are 18 new chapters in this edition and 47 new authors have joined the team. Thirty-two authors have rotated off and we thank them all for their contributions. We particularly want to recognize Dr. Mary Ellen Wohl, who contributed several chapters to multiple editions of the book and who passed away in 2009.


Our goal in editing this book is to publish a comprehensive textbook of pediatric respiratory diseases for a wide audience: the established pediatric pulmonologist and intensivist, fellows in pediatric pulmonology or intensive care, pediatric practitioners, and residents. We also see this book as an important resource for pediatric radiologists, allergists, thoracic and cardiac surgeons, and others in the allied health specialties. We have covered both common and rare childhood diseases of the lungs and the basic science that relates to these conditions to allow for an understanding of pulmonary disease processes and their effect on pulmonary function. Edwin Kendig founded this book, which some say has become the bible of pediatric pulmonology, and we have strived to continue this tradition and this degree of authority and completeness.


The staff at Elsevier, especially Lisa Barnes and Judy Fletcher, have provided outstanding support for our work, and we are grateful for their organization, sound advice, attention to detail, and patience.


Finally, we must thank our families and partners for their patience during the writing of this book, which has been time consuming, and only their tolerance has made the work possible.




Robert W. Wilmott, Thomas F. Boat, Andrew Bush, Victor Chernick, Robin R. Deterding, Felix Ratjen













Contributors




Robin Michael Abel, BSc, MBBS, PhD, FRCS (Eng Paeds)


Consultant Paediatric and Neonatal Surgeon, Hammersmith Hospital, London, United Kingdom






Steven H. Abman, MD


Professor, Department of Pediatrics, University of Colorado School of Medicine


Director Pediatric Heart Lung Center


Co-Director Pulmonary Hypertension Program Children’s Hospital Colorado, Aurora, Colorado






Mutasim Abu-Hasan, MD


Associate Professor of Clinical Pediatrics Pediatric, Pulmonology and Allergy Division/ Pediatrics, University of Florida, Gainesville, Florida






Najma N. Ahmed, MD, MSc, FRCP(C)


Assistant Professor, Department of Pediatrics, McGill University


Pediatric Gastroenterology, Department of Pediatrics, Montreal Children’s Hospital, McGill University Health Center, Montreal, Quebec, Canada






Samina Ali, MDCM, FRCP(C), FAAP


Associate Professor, Pediatrics and Emergency Medicine, University of Alberta, Edmonton, Canada






Adrianne Alpern, MS


Graduate Researcher, Department of Psychology, University of Miami, Miami, Florida






Eric F.W.F. Alton, FMedSci


Professor of Gene Therapy and Respiratory Medicine, National Heart and Lung Institute, Imperial College London


Honorary Consultant Physician, Royal Brompton Hospital, London, United Kingdom






Daniel R. Ambruso, MD


Professor, Department of Pediatrics, University of Colorado School of Medicine, Anschutz Medical Campus


Pediatric Hematologist Center for Cancer and Blood Disorders, Children’s Hospital Colorado, Aurora, Colorado


Medical Director, Research and Education, Bonfils Blood Center, Denver, Colorado






M. Innes Asher, BSc, MBChB, FRACP


Paediatrics, Child and Youth Health, The University of Auckland, Auckland, New Zealand






Ian M. Balfour-Lynn, BSc, MD, MBBS, FRCP, FRCPCH, FRCS (Ed), DHMSA


Consultant in Paediatric Respiratory Medicine, Department of Paediatrics, Royal Brompton Hospital London, United Kingdom






Peter J. Barnes, FRS, FMedSci


Professor, Imperial College London, London, United Kingdom






Robyn J. Barst, MD


Professor of Pediatrics, Department of Pediatric Cardiology, Columbia University College of Physicians and Surgeons


Attending Pediatrician, Department of Pediatric Cardiology, Morgan Stanley Children’s Hospital of New York Presbyterian Medical Center


Director, Pulmonary Hypertension Center, New York Presbyterian Medical Center, New York, New York






Leslie L. Barton, MD


Professor Emerita, Pediatrics, University of Arizona College of Medicine Tucson, Arizona






Deepika Bhatla, MD


Assistant Professor of Pediatrics, Saint Louis University, Bob Costas Cancer Center, Cardinal Glennon Children’s Medical Center, St. Louis, Missouri






R. Paul Boesch, DO, MS


Asisstant Professor of Pediatrics, College of Medicine, University of Cincinnati


Asisstant Professor of Pediatrics, Division of Pulmonary Medicine and Aerodigestive and Sleep Center, Cincinnati Children’s Hospital Medical Center Cincinnati, Ohio






Matias Bruzoni, MD


Assistant Professor of Surgery and Pediatrics, Department of Surgery, Stanford University School of Medicine Stanford, California






Andrew Bush, MD, FRCP, FRCPCH


Professor of Paediatric Respirology, Paediatric Respiratory Medicine, Imperial College and Royal Brompton Hospital London, United Kingdom






Michael R. Bye, MD


Professor of Clinical Pediatrics, Pediatrics, Columbia University College of Physicians and Surgeons


Attending Physician, Pediatric Pulmonary Medicine, Morgan Stanley Children’s Hospital of NY Presbyterian, New York, New York






Robert G. Castile, MD, MS


Professor of Pediatrics, Center for Perinatal Research Nationwide Children’s Hospital Columbus, Ohio






Anne B. Chang, MBBS, FRACP, MPHTM, PhD


Professor, Child Health Division, Menzies School of Health Research Darwin, Australia


Professor of Respiratory Medicine, Queensland Children’s Medical Research Institute, Royal Children’s Hospital Brisbane, Australia






Michelle Chatwin, BSc, PhD


Clinical and Academic Department of Sleep and Breathing, Royal Brompton Hospital London, United Kingdom






Chih-Mei Chen, MD


Institute of Epidemiology, Helmholtz Zentrum München, German Research Centre for Environmental Health, Institute of Epidemiology, Neuherberg, Germany






Lyn S. Chitty, PhD, MRCOG


Clinical Meolecular Genetics Unit Institute of Child Health, Fetal Medicine Unit, University College Hospitals London, NHS Foundation Trust London, England






Allan L. Coates, MDCM, B Eng (Elect)


Senior Scientist Emeritus, Research Institute, Division of Respiratory Medicine, Department of Pediatrics, The Hospital for Sick Children Toronto, Ontario, Canada






Misty Colvin, MD


Medical Director, Pediatric and Adult Urgent Care, Northwest Medical Center Tucson, Arizona






Dan M. Cooper, MD


Professor, Departments of Pediatrics and Bioengineering, GCRC Satellite Director University of California, Irvine


Professor Department of Pediatrics, UCI Medical Center


Professor Department of Pediatrics, Children’s Hospital of Orange County Orange, California


Professor Department of Pediatrics, Miller’s Children’s Hospital Long Beach, California






Jonathan Corren, MD


Associate Clinical Professor University of California, Los Angeles Los Angeles, California






Robin T. Cotton, MD, FACS, FRCS(C)


Director, Pediatric Otolaryngology-Head and Neck Surgery, Cincinnati Children’s Hospital


Professor, Otolaryngology, University of Cincinnati College of Medicine Cincinnati, Ohio






James E. Crowe, Jr., MD


Professor of Pediatrics, Microbiology and Immunology Vanderbilt University Medical Center


Director, Vanderbilt Vaccine Center Nashville, Tennesee






Garry R. Cutting, MD


Professor, Institute of Genetic Medicine, Johns Hopkins School of Medicine Baltimore, Maryland






Jane C. Davies, MB, ChB, MRCP, MRCPCH, MD


Reader in Paediatric Respiratory Medicine and Gene Therapy, Imperial College London


Honorary Consultant in Paediatric Respiratory, Medicine Royal Brompton Hospital London, United Kingdom






Gwyneth Davies, MBChB


Clinical Research Fellow, Department of Gene Therapy, National Heart and Lung Institute Imperial College London, United Kingdom






Stephanie D. Davis, MD


Associate Professor of Pediatrics Pediatrics, University of North Carolina at Chapel Hill Chapel Hill, North Carolina






Alessandro de Alarcon, MD


Assistant Professor, Department of Pediatrics, University of Cinncinatti


Director, Center for Pediatric Voice Disorders, Cincinnati Children’s Hospital Cincinnati, Ohio






Marietta M. de Guzman, MD


Assistant Professor, Department of Pediatrics, Section of Rheumatology, Baylor College of Medicine


Pediatric Rheumatologist, Texas Children’s Hospital Houston, Texas






Michael R. DeBaun, MD


Professor of Pediatrics and Medicine, J.C. Peterson Chair in Pediatric Pulmonology


Director, Vanderbilt-Meharry Center for Excellence in Sickle Cell Disease, Vanderbilt University School of Medicine Nashville, Tennessee






Sharon D. Dell, BEng, MD, FRCPC


Clinician Investigator, Division of Respiratory Medicine, Senior Associate Scientist, Child Health Evaluative Sciences, The Hospital for Sick Children


Assistant Professor, Department of Pediatrics


Faculty of Medicine, Unviersity of Toronto Toronto, Canada






Robin R. Deterding, MD


Professor of Pediatrics, Department of Pediatrics, Director, Breathing Institute, Children’s Hospital Colorado, University of Colorado,Aurora, Colorado






Gail H. Deutsch, MD


Associate Director, Seattle Children’s Research Hospital Research Foundation Seattle, Washington






Michelle Duggan, MB, MD, FFARCSI


Consultant Anaesthetist, Mayo General Hospital Castlebar, Ireland






Peter R. Durie, MD, FRCP(C)


Professor, Department of Pediatrics, University of Toronto


Senior Scientist, Research Institute, Gastroenterologist, Department of Pediatrics, The Hospital for Sick Children Ontario, Canada






Eamon Ellwood, DipTch, DipInfo Tech


Department of Pediatrics, Child and Youth Health, The University of Auckland, Auckland, New Zealand






Leland L. Fan, MD


Professor of Pediatrics, Pediatrics, Children’s Hospital Colorado, University of Colorado, Aurora, Colorado






Marie Farmer, MD


Professeure Adjoint, Pédiatrie FMSS, Université de Sherbrooke, Neurologue Pediatre


Pédiatre, CHUS Sherbrooke, Quebec, Canada






Albert Faro, MD


Associate Professor, Department of Pediatrics, Washington University


Physician Leader 7 East, St. Louis Children’s Hospital St. Louis, Missouri






Thomas W. Ferkol, MD


Professor, Pediatrics, and Cell Biology and Physiology, Washington University St. Louis, Missouri






David E. Geller, MD


Associate Professor, Pediatrics University of Central Florida


Director, Aerosol Laboratory and Cystic, Fibrosis Center, Pediatric Pulmonology, Nemours Children’s Clinic Orlando, Florida






W. Paul Glezen, MD


Professor, Molecular Virology and Microbiology, and Pediatrics, Baylor College of Medicine Houston, Texas






David Gozal, MD


Herbert T. Abelson Professor and Chair, Pediatrics University of Chicago


Physician in Chief, Comer Children’s Hospital Chicago, Illinois






Anne Greenough, MD(CANTAB), MBBS, DCH, FRCP, FRCPCH


Professor, Division of Asthma, Allergy and Lung Biology, MRC-Asthma UK Centre in Allergic Mechanisms of Asthma London, United Kingdom






James S. Hagood, MD


Professor and Chief, Department of Pediatrics, Division of Respiratory Medicine, University of Californi, San Diego La Jolla, California






Jürg Hammer, MD


Head, Division of Intensive Care and Pulmonology, Professor University Children’s Hospital Basel Basel, Switzerland






Jonny Harcourt, FRCS


Consultant ENT Surgeon, Department of Paediatric ENT, Chelsea and Westminster Hospital


Consultant ENT Surgeon, ENT Department, Royal Brompton Hospital London, United Kingdom






Ulrich Heininger, MD


Professor and Doctor, Division of Pediatric Infectious Diseases, University Children’s Hospital Basel, Switzerland






Marianna M. Henry, MD, MPH


Associate Professor of Pediatrics, Department of Pediatrics, University of North Carolina, Chapel Hill, North Carolina






Peter W. Heymann, MD


Head, Division of Pediatric Allergy, University of Virginia, Charlottesville, Virginia






Alan H. Jobe, MD, PhD


Professor of Pediatrics, University of cincinnati Cincinnati, Ohio






Richard B. Johnston, Jr., MD


Associate Dean for Research Development, University of Colorado School of Medicine


Professor of Pediatrics, University of Colorado School of Medicine and National Jewish Health Aurora, Colorado






Sebastian L. Johnston, MBBS, PhD, FRCP, FSB


Professor of Respiratory Medicine, National Heart and Lung Institute, Imperial College London


Consultant Physician in Respiratory Medicine and Allergy, Imperial College Healthcare NHS Trust


Asthma UK Clinical Professor and Director, MRC and Asthma UK Centre in Allergic, Mechanisms of Asthma London, United Kingdom






Michael Kabesch, MD


Professor, Paediatric Pneumology, Allergy and Neonatology, Hannover Medical School Hannover, Germany






Meyer Kattan, MD


Professor of Pediatrics, Columbia University College of Physicians and Surgeons


Director, Pediatric Pulmonary Division, New York Presbyterian-Morgan Stanley Children’s Hospital New York, New York






Brian P. Kavanagh, MD, FRCPC


Professor of Anesthesia, Physiology and Medicine, Department of Anesthesia, University of Toronto


Staff Physician, Critical Care Medicine, The Hospital for Sick Children Toronto, Ontario, Canada






Lisa N. Kelchner, PhD, CCC-SLP, BRS-S


Clinical Research Speech Pathologist, Center for Pediatric Voice Disorders, Cincinnati Children’s Hospital Medical Center Cincinnati, Ohio






James S. Kemp, MD


Professor of Pediatrics, Department of Pediatrics, Washington University School of Medicine


Director of Sleep Laboratory, St. Louis Children’s Hospital, St. Louis, Missouri






Andrew Kennedy, MD


Department of Pediatric and Adolescent Medicine, Princess Margaret Hospital, Perth, Australia






Carolyn M. Kercsmar, MD, MS


Director, Asthma Center


Pulmonary Medicine, Cincinnati Childrens Hospital Medical Center


Professor, Pediatrics, University of Cincinnati, Cincinnati, Ohio






Leila Kheirandish-Gozal, MD


Director of Clinical Sleep Research, Section of Pediatric Sleep Medicine, Associate Professor, Pediatrics, University of Chicago, Chicago, Illinois






Cara I. Kimberg, MD


Clinical PsychologistSt. Jude’s Children’s Research Hospital, Memphis, Tennessee






Paul S. Kingma, MD, PhD


Neonatal Director, Fetal Care Center of Cincinnati, Assistant Professor, University of Cincinnati Department of Pediatrics, Cincinnati Children’s Hospital, Cincinnati, Ohio






Terry Paul Klassen, MD, MSc, FRCPC


Director, Alberta Research Center for Health Evidence, Department of Pediatrics, University of Alberta, Edmonton, Canada






Alan P. Knutsen, MD


Director, Pediatric Allergy and Immunology, Saint Louis University


Professor, Pediatrics, Saint Louis University, St. Louis, Missouri






Alik Kornecki, MD


Associate Professor, Pediatrics, University of Western Ontario


Consultant, Pediatric Critical Care, Children’s Hospital, London Health Sciences Centre, London, Canada






Thomas M. Krummel, MD


Emile Holman Professor and Chair, Surgery, Stanford University School of Medicine


Susan B. Ford Surgeon-in-Chief, Lucile Packard Children’s Hospital


Co-Director, Biodesign Innovation Program, Stanford University, Palo Alto, California






Geoffrey Kurland, MD


Professor, Pediatrics, Children’s Hospital of Pittsburgh, Pittsburgh, Pennsylvania






Claire Langston, MD


Professor, Department of Pathology and Pediatrics, Baylor College of Medicine, Pathologist, Department of Pathology, Texas Children’s Hospital, Houston, Texas






Ada Lee, MD


Attending, Department of Pediatrics, Pediatric Pulmonary Medicine, The Joseph M. Sanzari Children’s Hospital, Hackensack University Medical Center, Hackensack, New Jersey






Margaret W. Leigh, MD


Professor and Vice-Chair, Pediatrics, University of North Carolina, Chapel Hill, North Carolina






Daniel J. Lesser, MD


Clinical Assistant Professor of Pediatrics, University of California, San Diego, Pediatric Respiratory Medicine, Rady Children’s Hospital, San Diego, California






Sooky Lum, PhD


Portex Unit, Respiratory Physiology and Medicine UCL, Institute of Child Health London, United Kingdom






Anna M. Mandalakas, MD, MS


Associate Professor, Pediatrics, Retrovirology and Global Health, Baylor College of Medicine, Texas Children’s Hospital


Director of Research, Global Tuberculosis and Mycobacteriology Program, Center for Global Health Houston, Texas






Paulo J.C. Marostica, MD


Pediatric Emergency Section, Pediatric and Puericulture Department, Medical School of Universidade Federal do Rio Grande do Sul, Rio Grande do Sul, Brazil






Robert B. Mellins, MD


Professor Emeritus and Special Lecturer, Columbia University, Morgan Stanley Children’s Hospital of, New York, New York, New York






Peter H. Michelson, MD, MS


Associate Professor of Pediatrics, Department of Allergy, Immunology and Pulmonary Medicine, Washington University School of Medicine, St. Louis, Missouri






Claire Kane Miller, PhD


Program Director, Aerodigestive and Sleep Center, Cincinnati Children’s Hospital


Field Service Assistant Professor, Department of Otolaryngology-Head and Neck Surgery, University of Cincinnati, College of Medicine


Clinical Speech Pathologist, Division of Speech Pathology, Cincinnati Children’s Hospital


Adjunct Assistant Professor, Communication Sciences and Disorders, University of Cincinnati, Cincinnati, Ohio






Anthony D. Milner, MD, FRCP, DCH


Professor of Neonatology, Department of Pediatrics, United Medical and Dental School of Guy’s and St. Thomas’s Hospital, London, United Kingdom






Ayesha Mirza, MD


Assistant Professor, Infectious Diseases and Immunology, Pediatrics, University of Florida, Jacksonville, Florida






Miriam F. Moffatt, PhD


Professor of Respiratory Genetics, National Heart and Lung Institute, Imperial College, London, United Kingdom






Mark Montgomery, MD, FRCP(C)


Clinical Associate Professor, Department of Pediatrics, University of Calgary, Calgary, Canada






Gavin C. Morrisson, MRCP


Associate Professor, Pediatrics, University of Western Ontario


Consultant, Pediatric Critical Care, Children’s Hospital, London Health Sciences Centre, London, Canada






Gary A. Mueller, MD


Department of Pediatrics, Wright State University School of Medicine, Children’s Medical Center, Dayton, Ohio






Vadivelam Murthy, MD


Division of Asthma, Allergy, and Lung Biology, MRC and Asthma, United Kingdom Centre in Allergic Mechanisms of Asthma, King’s College London, London, United Kingdom






Joseph J. Nania, MD


Consultant in Pediatric Infectious Diseases, Phoenix Children’s Hospital, Scottsdale Healthcare and Banner Health Network, Phoenix, Arizona






Manjith Narayanan, MD, DNB(Paediatrics), MRCPCH, PhD


Clinical Research Fellow, Child Health Division, Depatment of Infection, Immunity, and Inflammation, University of Leicester


Specialist Registrar, Department of Paediatrics, Leicester Royal Infirmary, Leicester, United Kingdom






Dan Nemet, MD, MHA


Professor of Pediatrics, Director, Child Health and Sports Center Vice, Chair of Pediatrics, Meir Medical Center, Sackler School of Medicine Tel Aviv University, Israel, Tel Aviv, Israel






Christopher Newth, MD, FRCPC, FRACP


Professor of Pediatrics, Anesthesiology and Critical Care Medicine, Children’s Hospital Los Angeles, University of Southern California, Los Angeles, California






Andrew G. Nicholson, FRCPath, DM


Consultant Histopathologist specialising in thoracic pathology, Histopathology, Royal Brompton and Harefield NHS Foundation Trust


Professor of Respiratory Pathology, National Heart and Lung Division, Imperial College, London, United Kingdom






Terry L. Noah, MD


Professor, Pediatric Pulmonology, University of North Carolina, Chapel Hill, North Carolina






Lawrence M. Nogee, MD


Professor of Pediatrics, Pediatrics, Johsn Hopkins University School of Medicine, Baltimore, Maryland






Blakeslee Noyes, MD


Professor of Pediatrics, Department of Pediatrics, Saint Louis University School of Medicine, St. Louis, Missouri






Andrew Numa, MB, BS


Director, Intensive Care Unit, Sydney Children’s Hospital


Senior Lecturer, Faculty of Medicine, University of New South Wales, Sydney, Australia






Hugh O’Brodovich, MD, FRCP(C)


Arline and Pete Harman Professor and Chairman, Department of Pediatrics, Stanford University, Stanford, California


Adalyn Jay Physician-in-Chief, Lucile Packard Children’s Hospital, Palo Alto, California






Matthias Ochs, MD


Professor and Chair, Institute of Functional and Applied Anatomy, Hannover Medical School, Hannover, Germany






Øystein E. Olsen, PhD


Consultant Radiologist, Department of Radiology, Great Ormond Street Hospital for Children NHS Trust, London, United Kingdom






Catherine M. Owens, BSC, MBBS, MRCP, FRCR


Reader, Imaging Department, Consultant in Diagnostic Imaging, Cardiothoracic Imaging, University College London, London, United Kingdom






Howard B. Panitch, MD


Professor of Pediatrics, University of Pennsylvania School of Medicine


Director of Clinical Programs, Division of Pulmonary Medicine, The Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania






Nikolaos G. Papadopoulos, MD, PhD


Associate Professor, Allergy Department, Second Pediatric Clinic, University of Athens, Greece






Hans Pasterkamp, MD, FRCPC


Professor, Pediatrics and Child Health, University of Manitoba


Adjunct Professor, School of Medical Rehabilitation University of Manitoba, Winnipeg, Canada






Donald Payne, MD, FRACP, FRCPCH


Associate Professor, Paediatric and Adolescent Medicine, Princess Margaret Hospital


Associate Professor, School of Paediatrics and Child Health, University of Western Australia, Perth, Australia






Scott Pentiuk, MD, MeD


Assistant Professor of Pediatrics, Division of Gastroenterology, Hepatology, and Nutrition, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio






Thomas A.E. Platts-Mills, MD, PhD


Professor of Medicine, Division Chief, Asthma and Allergic Diseases Center, University of Virginia Charlottesville, Virginia






Timothy A. Plerhoples, MD


Resident in Surgery, Department of Surgery, Stanford University School of Medicine, Stanford, California






Amy C. Plint, MD, MSc


Pediatrics, University of Ottawa, Emeregncy Medicine, Ottawa, Canada






Jean-Paul Praud, MD, PhD


Professor, Pediatrics, Universitè de Sherbrooke, Sherbrooke, Canada






Phil E. Putnam, MD


Professor, Department of Pediatrics, University of Cincinnati


Director, Endoscopy Services, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio






Alexandra L. Quittner, PhD


Professor, Psychology, University of Miami, Coral Gables, Florida






Shlomit Radom-Aizik, PhD


Director of Research, Pediatric Exercise Research Center, University of California, Irvine, Irvine School of Medicine, Irvine, California






Mobeen H. Rathore, MD, CPE, FAAP, FIDSA, FACPE


Professor and Associate Chairman, Pediatrics, University of Florida


Chief, Pediatric Infectious Diseases and Immunology, Wolfson Children’s Hospital


Chief, General Academic Pediatric, University of Florida


Medical Director, Children’s Medical Services, Department of Health, Jacksonville, Florida






Gregory J. Redding, MD


Professor, Pediatrics, University of Washington School of Medicine


Chief, Pulmonary and Sleep Medicine, Seattle Children’s Hospital, Seattle, Washington






Erika Berman Rosenzweig, MD


Associate Professor of Clinical Pediatrics (in Medicine), Pediatric Cardiology, Columbia University, College of Physicians and Surgeons, New York, New York






Marc Rothenberg, MD, PhD


Director, Allergy and Immunology, Cincinnati Children’s Hospital Medical Center


Professor of Pediatrics, Allergy and Immunology, University of Cincinnati, Cincinnati, Ohio






Michael J. Rutter, MD


Associate Professor of Clinical Otolaryngology-Affiliated, Department of Otolaryngology, University of Cincinnati College of Medicine


Associate Professor, Pediatric Otolaryngology, Department of Otolaryngology, Cincinnati Children’s Hospital Medical, Center Cincinnati, Ohio






Rayfel Schneider, MBBCh, FRCPC


Staff Rheumatologist, Paediatrics, The Hospital for Sick Children


Associate Professor, Paediatrics, University of Toronto, Toronto, Canada






L. Barry Seltz, MD


Assistant Professor of Pediatrics, Department of Pediatrics, Section of Hospital Medicine, University of Colorado School of Medicine, The Children’s Hospital, Aurora, Colorado






Hye-Won Shin, PhD


Project Scientist, Department of Pediatrics, Institute for Clinical and Translational Sciences, University of California, Irvine Irvine, California






Michael Silverman, MD


Emeritus Professor of Child Health, Institute for Lung Health, University of Leicester, Leicester, United Kingdom






Chrysanthi L. Skevaki, MD, PhD


Research Associate, Second Department of Pediatrics, University of Athens, Athens, Greece






Raymond G. Slavin, MD, MS


Professor of Internal Medicine, Saint Louis University School of Medicine, St. Louis, Missouri






Jonathan Spahr, MD


Assistant Professor of Pediatrics, Department of Pediatric Pulmonology, Children’s Hospital of Pittsburgh, Pittsburgh, Pennsylvania






James M. Stark, MD, PhD


Associate Professor, Pediatrics, Wright State University


Associate Professor, Pediatrics, Dayton Children’s Medical Center, Dayton, Ohio






Jeffrey R. Starke, MD


Professor of Pediatrics, Baylor College of Medicine, Infection Control Officer, Texas Children’s Hospital


Chief of Pediatrics, Ben Taub General Hospital, Houston, Texas






Renato T. Stein, MD, MPH, PhD


Head, Pediatric Respirology, Department of Pediatrics, Pontificia Universidade Católica do RGS, Porto Alegre, Brazil






Janet Stocks, PhD, BSc, SRN


Professor, Portex Respiratory Unit, UCL, Institute of Child Health, London, United Kingdom






Dennis C. Stokes, MD, MPH


St. Jude Children’s Research Hospital Professor of Pediatrics (Pediatric Pulmonology), Department of Pediatrics, University of Tennessee Health Science Center


Chief, Program in Pediatric Pulmonary Medicine, Department of Pediatrics, Le Bonheur Children’s Hospital


Chief, Program in Pediatric Pulmonary Medicine, St. Jude Children’s Research Hospital, Memphis, Tennessee






Robert C. Strunk, MD


Strominger Professor of Pediatrics, Department of Pediatrics, Washington University School of Medicine, St. Louis, Missouri






Jennifer M.S. Sucre, MD


Resident, Department of Pediatrics, St. Louis Children’s Hospital, Washington University, St. Louis, Missouri






Stuart Sweet, MD, PhD


Associate Professor, Pediatric Allergy, Immunology and Pulmonary Medicine, Washington University, St. Louis, Missouri






James Temprano, MD, MHA


Assistant Professor, Director, Allergy and Immunology Training Program, Department of Internal Medicine, Section of Allergy and Immunology, Saint Louis University, St. Louis, Missouri






Bradley T. Thach, MD


Department of Pediatrics, Washington University School of Medicine, Division of Newborn Medicine, St. Louis Children’s Hospiital, St. Louis, Missouri






Bruce C. Trapnell, MD, MS


Professor, Internal Medicine University of Cincinnati


Adult Co-Director, Cincinnati Cystic Fibrosis Therapeutics Development Network Center, Pulmonary Medicine, Cincinnati Children’s Hospital Medical Center


Director, Translational Pulmonary, Medicine Research, Pulmonary Medicine, Cincinnati Children’s Research Foundation, Cincinnati, Ohio






Athanassios Tsakris, MD, PhD, FRCPath


Professor, Department of Microbiology, Medical School, University of Athens Athens, Greece






Jacob Twiss, BHB, MBChB, PhD, DipPaed, FRACP


Paediatric Respiratory and Sleep Medicine, Starship Children’s Health Auckland, New Zealand






Timothy Vece, MD


Pediatrics, Baylor College of Medicine, Houston, Texas






Ruth Wakeman, BSc (Hons) Physiotherapy, MSc


Advanced Pediatric Practice in Acute Care, Respiratory Practitioner/Physiotherapist, Department of Paediatrics, Royal Brompton and Harefield NHS, Foundation Trust London, UK






Colin Wallis, MD, MRCP, FRCPCH, FCP, DCH


Reader, Respiratory Unit, Institue of Child Health, University of London


Doctor Respiratory Unit, Great Ormond Street Hospital London, United Kingdom






Miles Weinberger, MD


Professor, Pediatric Allergy and Pulmonary Division, University of Iowa, Iowa City, Iowa






Daniel J. Weiner, MD


Children’s Hospital of Pittsburgh of University of Pittsburgh Medical Center, Pittsburgh, Pennsylvania






Susan E. Wert, PhD


Associate Professor of Pediatrics, Division of Pulmonary Biology, Section of Neonatology, Perinatal, and Pulmonary Biology, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio






Jeffrey A. Whitsett, MD


Professor of Pediatrics, Pulmonary Biology, Cincinnati Children’s Hospital Medical Center and the University of Cincinnati College of Medicine, Cincinnati, Ohio






J. Paul Willging, MD


Professor, Otolaryngology-Head and Neck Surgery, University of Cincinnati College of Medicine, Cincinnati Children’s Hopsital Medical Center, Cincinnati, Ohio






Saffron A. Willis-Owen, PhD


Molecular Genetics, National Heart and Lung Institute, London, United Kingdom






Robert E. Wood, MD, PhD


Cincinnati Children’s Hospital Medical Center, Division of Pulmonary Medicine, Cincinnati, Ohio






Jamie L. Wooldridge, MD


Associate Professor of Pediatric Pulmonology, Saint Louis University School of Medicine, Cardinal Glennon Children’s Medical Center St. Louis, Missouri






Peter F. Wright, MD


Professor of Pediatrics Pathology, Immunology, and Microbiology, Department of Pediatrics, Division of Pediatric infectious Diseases, Vanderbilt University School of Medicine, Vanderbilt Children’s Hospital Nashville, Tennessee






Sarah Wright, Grad Dip Phys


Physiotherapist, University of New Castle, New Castle, Australia






Carolyn Young, HDCR


Cardiorespiratory Unit, University College of London, Institute of Child Health, London, United Kingdom






Lisa R. Young, MD


Associate Professor of Pediatrics and Medicine, Department of Pediatrics and Department of Medicine, Vanderbilt University School of Medicine


Associate Professor


Director, Rare Lung Diseases Program, Division of Allergy, Immunology, and Pulmonary Medicine, Department of Pediatrics, Monroe Carell Jr. Children’s Hospital at Vanderbilt


Associate Professor, Division of Allergy, Pulmonary, and Critical Care, Medicine, Department of Medicine, Vanderbilt University Medical Center, Nashville, Tennessee






Heather J. Zar, MD, PhD


Chair of Department of Paediatrics and Child Health, Director of Paediatric Pulmonology Division, Red Cross War Memorial Childrens Hospital, University of Cape Town, Cape Town, South Africa






Pamela L. Zeitlin, MD, PhD


Professor, Pediatrics, Johns Hopkins School of Medicine, Baltimore, Maryland











Section I


General Basic Considerations










Chapter 1 Molecular Determinants of Lung Morphogenesis




Jeffrey A. Whitsett, MD, Susan E. Wert, PhD









Overview


The adult human lung consists of a gas exchange area of approximately 100 m2 that provides oxygen delivery and carbon dioxide excretion required for cellular metabolism. In evolutionary terms, the lung represents a relatively late phylogenetic solution for the need to provide efficient gas exchange for terrestrial survival of organisms of increasing size, an observation that may account for the similarity of lung structure in vertebrates.reviewed in 1,2 The respiratory system consists of mechanical bellows and conducting tubes that bring inhaled gases to a large gas exchange surface that is highly vascularized. Alveolar epithelial cells come into close apposition to pulmonary capillaries, providing efficient transport of gases from the alveolar space to the pulmonary circulation. The delivery of external gases to pulmonary tissue necessitates a complex organ system that (1) keeps the airway free of pathogens and debris, (2) maintains humidification of alveolar gases and precise hydration of the epithelial cell surface, (3) reduces collapsing forces inherent at air-liquid interfaces within the air spaces of the lung, and (4) supplies and regulates pulmonary blood flow to exchange oxygen and carbon dioxide efficiently. This chapter will provide a framework for understanding the molecular mechanisms that lead to the formation of the mammalian lung, focusing attention to processes contributing to cell proliferation and differentiation involved in organogenesis and postnatal respiratory adaptation. Where possible, the pathogenesis of congenital or postnatal lung disease will be considered in the context of the molecular determinants of pulmonary morphogenesis and function.









Organogenesis of the lung






Body Plan


Events critical to organogenesis of the lung begin with formation of anteroposterior and dorsoventral axes in the early embryo. The body plan is determined by genes that control cellular proliferation and differentiation and depends on complex interactions among many cell types. The fundamental principles determining embryonic organization have been elucidated in simpler organisms (e.g., Drosophila melanogaster and Caenorhabditis elegans) and applied to increasingly complex organisms (e.g., mouse and human) as the genes determining axial segmentation, organ formation, cellular proliferation, and differentiation have been identified. Segmentation and organ formation in the embryo are profoundly influenced by sets of master control genes that include various classes of transcription factors. Critical to formation of the axial body plan are the homeotic, or HOX, genes.reviewed in 3-8 HOX genes are arrayed in clearly defined spatial patterns within clusters on several chromosomes. HOX gene expression in the developing embryo is determined in part by the position of the individual genes within these gene clusters, which are aligned along the chromosome in the same order as they are expressed along the anteroposterior axis. Complex organisms have more individual HOX genes within each locus and have more HOX gene loci than simpler organisms. HOX genes encode nuclear proteins that bind to DNA via a conserved homeodomain motif that modulates the transcription of specific sets of target genes. The temporal and spatial expression of these nuclear transcription factors, in turn, controls the expression of other HOX genes and their transcriptional targets during morphogenesis and cytodifferentiation.reviewed in 9-14 Expression of HOX genes influences many downstream genes, such as transcription factors, growth factors, signaling peptides, and cell adhesion molecules,13 that are critical to the formation of the primitive endoderm from which the respiratory epithelium is derived.15






Endoderm


The primitive endoderm develops very early in the process of embryogenesis (i.e., during gastrulation and prior to formation of the intraembryonic mesoderm, ectoderm, and notochord—3 weeks postconception in the human).16 Specification of the definitive endoderm and the primitive foregut requires the activity of a number of nuclear transcription factors that regulate gene expression in the embryo, including (1) forkhead box A2, or FOXA2 (also known as hepatocyte nuclear factor 3-beta, or HNF-3β), (2) GATA-binding protein 6, or GATA6, (3) sex-determining region Y (SRY)-related HMG-box (SOX) 17, or SOX17, (4) SOX2, and (5) β-catenin.17-24 Genetic ablation of these transcription factors disrupts formation of the primitive foregut endoderm and its developmental derivatives, including the trachea and the lung.22,24-29 Some of these transcription factors are also expressed in the respiratory epithelium later in development when they play important roles in the regulation of cell differentiation and organ function.reviewed in 30-34









Lung Morphogenesis


Lung morphogenesis is initiated during the embryonic period of fetal development (3 to 4 weeks of gestation in the human) with the formation of a small saccular outgrowth of the ventral wall of the foregut endoderm, a process that is induced by expression of the signaling peptide, fibroblast growth factor 10 (FGF10), in the adjacent splanchnic mesoderm (Figure 1-1).16 This region of the ventral foregut endoderm is delineated by epithelial cells expressing thyroid transcription factor 1, or TTF1 (also known as NKX2.1, T/EBP, or TITF1), which is the earliest known marker of the prospective respiratory epithelium.35 Thereafter, lung development can be subdivided into five distinct periods of morphogenesis based on the morphologic characteristics of the tissue (Table 1-1; Figure 1-2). While the timing of this process is highly species-specific, the anatomic events underlying lung morphogenesis are shared by all mammalian species. Details of human lung development are described in the following sections, as well as in several published reviews.reviewed in 36-42
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Figure 1-1 Lung bud formation. A, Lung development is initiated during the embryonic stage of gestation as a small, saccular outgrowth of the ventral foregut endoderm. B, Endodermal transcription factors critical for specification of the primitive respiratory tract include GATA6, FOXA1, and FOXA2, which are also expressed throughout the foregut endoderm. At this time, SOX2 expression is limited to the dorsal aspect (future esophagus) of the foregut endoderm, while TTF1 expression is limited to the ventral aspect (future trachea and lung) of the lung bud. Mesodermal transcription factors responsive to signaling peptides (e.g., SHH) released from the endoderm and critical for lung development include GlI1/2/3 and FOXF1. C, Expression of the signaling peptide, fibroblast growth factor 10 (FGF10), in the adjacent splanchnic mesoderm, induces outgrowth of the lung bud. FGF10 is secreted by mesenchymal cells and binds to its receptor, FGFR2, located on the endodermal cell surface, inducing formation of the lung bud.




Table 1-1 Morphogenetic Periods of Human Lung Development






	Period

	Age (Weeks)

	Structural Events






	Embryonic

	3 to 6

	Lung buds; trachea, main stem, lobar, and segmental bronchi; trachea and esophagus separate






	Pseudoglandular

	6 to 16

	Subsegmental bronchi, terminal bronchioles, and acinar tubules; mucous glands, cartilage, and smooth muscle






	Canalicular

	16 to 26

	Respiratory bronchioles, acinus formation, and vascularization; type I and II cell differentiation






	Saccular

	26 to 36

	Dilation and subdivision of alveolar saccules, increase of gas-exchange surface area, and surfactant synthesis






	Alveolar

	36 to maturity

	Further growth and alveolarization of lung; increase of gas-exchange area and maturation of alveolar capillary network; increased surfactant synthesis
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Figure 1-2 Major stages of lung development. The bronchi, bronchioles, and acinar tubules are formed by the process of branching morphogenesis during the pseudoglandular stage of lung development (6 to 16 weeks p.c.). Formation of the capillary bed and dilation/expansion of the acinar structures is initiated during the canalicular stage of lung development (16 to 26 weeks p.c.). Growth and subdivision of the terminal saccules and alveoli continue until early adolescence by septation of the distal respiratory structures to form additional alveoli. Cytodifferentiation of mature bronchial epithelial cells (secretory and ciliated cells) is initiated in the proximal conducting airways during the canalicular stage of lung development, while cytodifferentiation in the distal airways (ciliated and Clara cells) and alveoli (Type I and Type II cells) takes place later during the saccular (26 to 36 weeks p.c.) and alveolar (36 weeks p.c. to adolescence) stages of lung development. The alveolar stage of lung development extends into the postnatal period, during which millions of additional alveoli are formed and maturation of the microvasculature, or air-blood barrier, takes place, greatly increasing the surface area available for gas exchange.








The Embryonic Period (3 to 6 Weeks Postconception)


Relatively undifferentiated epithelial cells of the primitive foregut endoderm form tubules that invade the splanchnic mesoderm and undergo branching morphogenesis. This process requires highly controlled cell proliferation and migration of the epithelium to direct dichotomous branching of the respiratory tubules, which forms the main stem, lobar, and segmental bronchi of the primitive lung (see Table 1-1; Figure 1-2). Proximally, the trachea and esophagus also separate into two distinct structures at this time. The respiratory epithelium remains relatively undifferentiated and is lined by columnar epithelium. Experimental removal of mesenchymal tissue from the embryonic endoderm at this time arrests branching morphogenesis, demonstrating the critical role of mesenchyme in formation of the respiratory tract.reviewed in 43 Interactions between epithelial and mesenchymal cells are mediated by a variety of signaling peptides and their associated receptors (signaling pathways), which regulate gene transcription in differentiating lung cells.30-34,42,43 These epithelial-mesenchymal interactions involve both autocrine and paracrine signaling pathways that are critical for lung morphogenesis (Figure 1-3). Paracrine signaling pathways that are important for initial formation of the lung bud and the expansion and branching of the primitive respiratory tubules include: (1) fibroblast growth factor (FGF10/FGFR2), (2) sonic hedgehog (SHH/PTCH1), (3) transforming growth factor-beta (TGFβ/TGFβR2), (4) bone morphogenetic protein B (BMP4/BMPR1b), (5) retinoic acid (RA/RARα, β, γ), (6) WNT (WNT2/2b, 7b, 5a and R-spondin with their receptors Frizzled and LRP5/6), and (7) the β-catenin signaling pathways.30-34,42-45 Nuclear transcription factors active in the primitive respiratory epithelium during this period include: TTF1, FOXA2, GATA6, and SOX2. Likewise, nuclear transcription factors active in the mesenchyme at this time include: (1) the HOX family of transcription factors (HOXA5, B3, B4); (2) the SMAD family of transcription factors (SMAD2, 3, 4) that are downstream transducers of the TGFβ/BMP signaling pathway; (3) the LEF/TCF family of transcription factors, downstream transducers of β-catenin; (4) the GLI-KRUPPEL family of transcription factors (GLI1, 2, 3), downstream transducers of SHH signaling; (5) the hedgehog-interacting protein, HHIP1, that binds SHH; and (6) FOXF1, another SHH target.30-34,40,43,44,47 Disruption of many of these transcription factors and signaling pathways in experimental animals causes impaired morphogenesis, resulting in laryngotracheal malformations, tracheoesophageal fistulae, esophageal and tracheal stenosis, esophageal atresia, defects in pulmonary lobe formation, pulmonary hypoplasia, and/or pulmonary agenesis.30-34,40,43-45
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Figure 1-3 Reciprocal signaling in lung morphogenesis. Paracrine and autocrine interactions between the respiratory epithelium and the adjacent mesenchyme are mediated by signaling peptides and their respective receptors, influencing cellular behaviors (e.g., proliferation, migration, apoptosis, extracellular matrix deposition) that are critical to lung formation. For example, FGF10 is secreted by mesenchymal cells and binds to its receptor, FGFR10, on the surface of epithelial cells (paracrine signaling). SHH is secreted by epithelial cells and binds to its receptor, PTCH1, on mesenchymal cells (paracrine signaling), while HHIP1 is upregulated by SHH in mesenchymal cells, secreted, and binds back to receptors on cells in the mesenchyme (autocrine signaling). Binding of SHH to mesenchymal cells activates the transcription factors, GLI1, GLI2, and GLI3, which, in turn, inhibit FGF10 expression (negative feedback loop). In contrast, the binding of HHIP1 to mesenchymal cells attenuates or limits the ability of SHH to inhibit FGF10 signaling. Together, these complex, interacting, signaling pathways control branching morphogenesis of the lung, differentially influencing bronchial tubule elongation, arrest, and subdivision into new tubules.




Although formation of the larger, more proximal, conducting airways, including segmental and subsegmental bronchi, is completed by the 6th week postconception (p.c.), both epithelial and mesenchymal cells of the embryonic lung remain relatively undifferentiated. At this stage, trachea and bronchial tubules lack underlying cartilage, smooth muscle, or nerves, and the pulmonary and bronchial vessels are not well developed. Vascular connections with the right and left atria are established at the end of this period (6 to 7 weeks p.c.), creating the primitive pulmonary vascular bed.39 Human developmental anomalies occurring during this period of morphogenesis include laryngeal, tracheal, and esophageal atresia, tracheoesophageal fistulae, tracheal and bronchial stenosis, tracheal and bronchial malacia, ectopic lobes, bronchogenic cysts, and pulmonary agenesis.40,46 Some of these congenital anomalies are associated with documented mutations in the genes involved in early lung development, such as GLI3 (tracheoesophageal fistula found in Pallister-Hall syndrome), FGFR2 (various laryngeal, esophageal, tracheal, and pulmonary anomalies found in Pfeiffer, Apert, or Crouzon syndromes), and SOX2 (esophageal atresia and tracheoesophageal fistula found in anophthalmia-esophageal-genital, or AEG, syndrome).40,46









Pseudoglandular Period (6 to 16 Weeks’ Postconception)


The pseudoglandular stage is so named because of the distinct glandular appearance of the lung from 6 to 16 weeks of gestation. During this period, the lung consists primarily of epithelial tubules surrounded by a relatively thick mesenchyme. Branching of the airways continues, and formation of the terminal bronchioles and primitive acinar structures is completed by the end of this period (see Table 1-1; Figure 1-2). During the pseudoglandular period, epithelial cell differentiation is increasingly apparent and deposition of cellular glycogen and expression of a number of genes expressed selectively in the distal respiratory epithelium is initiated. The surfactant proteins (SP), SP-B and SP-C, are first detected at 12 to 14 weeks of gestation.48,49 Tracheobronchial glands begin to form in the proximal conducting airways; and the airway epithelium is increasingly complex, with basal, mucous, ciliated, and nonciliated secretory cells being detected.36,38 Neuroepithelial cells, often forming clusters of cells, termed neuroepithelial bodies and expressing a variety of neuropeptides and transmitters (e.g., bombesin, calcitonin-related peptide, serotonin, and others), are increasingly apparent along the bronchial and bronchiolar epithelium.50 Smooth muscle and cartilage are now observed adjacent to the conducting airways.51 The pulmonary vascular system develops in close relationship to the bronchial and bronchiolar tubules between the 9th and 12th weeks of gestation. Bronchial arteries arise from the aorta and form along the epithelial tubules, and smooth muscle actin and myosin can be detected in the vascular structures.39


During this period, FGF10, BMP4, TGFβ, β-catenin, and the WNT signaling pathway continue to be important for branching morphogenesis, along with several other signaling peptides and growth factors, including: (1) members of the FGF family (FGF1, FGF2, FGF7, FGF9, FGF18); (2) members of the TGFβ family, such as the SPROUTYs (SPRY2, SPRY4), which antagonize and limit FGF10 signaling, and LEFTY/NODAL, which regulate left-right patterning; (3) epithelial growth factor (EGF) and transforming growth factor alpha (TGFα), which stimulate cell proliferation and cytodifferentiation; (4) insulin-like growth factors (IGFI, IGFII), which facilitate signaling of other growth factors; (5) platelet-derived growth factors (PDGFA, PDGFB), which are mitogens and chemoattractants for mesenchymal cells; and (6) vascular endothelial growth factors (VEGFA, VEGFC), which regulate vascular and lymphatic growth and patterning.30-34,40,42,43 Many of the nuclear transcription factors that were active during the embryonic period of morphogenesis continue to be important for lung development during the pseudoglandular period. Additional transcription factors important for specification and differentiation of the primitive lymphatics in the mesenchyme at this time include: (1) SOX18, (2) the paired-related homeobox gene, PRX1, (3) the divergent homeobox gene, HEX, and (4) the homeobox gene, PROX1.40,42


A variety of congenital defects may arise during the pseudoglandular stage of lung development, including bronchopulmonary sequestration, cystic adenomatoid malformations, cyst formation, acinar aplasia or dysplasia, alveolar capillary dysplasia with or without misalignment of the pulmonary veins, and congenital pulmonary lymphangiectasia.40 The pleuroperitoneal cavity also closes early in the pseudoglandular period. Failure to close the pleural cavity, often accompanied by herniation of the abdominal contents into the chest (congenital diaphragmatic hernia), leads to pulmonary hypoplasia.









Canalicular Period (16 to 26 Weeks Postconception)


The canalicular period is characterized by formation of acinar structures in the distal tubules, luminal expansion of the tubules, thinning of the mesenchyme, and formation of the capillary bed, which comes into close apposition to the dilating acinar tubules (see Table 1-1; Figure 1-2). By the end of this period, the terminal bronchioles have divided to form two or more respiratory bronchioles, and each of these have divided into multiple acinar tubules, forming the primitive alveolar ducts and pulmonary acini. Epithelial cell differentiation becomes increasingly complex and is especially apparent in the distal regions of the lung parenchyma. Bronchiolar cells express differentiated features, such as cilia, and secretory cells synthesize Clara cell secretory protein, or CCSP (also known as CC10 or segretoglobin 1A1, SCGB1A1).49,52-54 Cells lining the distal tubules assume cuboidal shapes and express increasing amounts of surfactant phospholipids55 and the associated surfactant proteins, SP-A, SP-B, and SP-C.48,49,56-60 Lamellar bodies, composed of surfactant phospholipids and proteins, are seen in association with rich glycogen stores in the cuboidal pre–type II cells lining the distal acinar tubules.61-64 Some cells of the acinar tubules become squamous, acquiring features of typical type I alveolar epithelial cells. Thinning of the pulmonary mesenchyme continues; and the basal lamina of the epithelium and mesenchyme fuse. Capillaries surround the distal acinar tubules, which together will ultimately form the gas exchange region of the lung. By the end of the canalicular period in the human infant (26 to 28 weeks p.c.), gas exchange can be supported after birth, especially when surfactant is provided by administration of exogenous surfactants. Surfactant synthesis and mesenchymal thinning can be accelerated by glucocorticoids at this time,60,65-67 which are administered to mothers to prevent respiratory distress syndrome (RDS) after premature birth.68,69 Abnormalities of lung development occurring during the canalicular period include acinar dysplasia, alveolar capillary dysplasia, and pulmonary hypoplasia, the latter caused by (1) diaphragmatic hernia, (2) compression due to thoracic or abdominal masses, (3) prolonged rupture of membranes causing oligohydramnios, or (5) renal agenesis, in which amniotic fluid production is impaired. While postnatal gas exchange can be supported late in the canalicular stage, infants born during this period generally suffer severe complications related to decreased pulmonary surfactant, which causes RDS and bronchopulmonary dysplasia, the latter a complication secondary to the therapy for RDS.70,71









Saccular (26 to 36 Weeks’ Postconception) and Alveolar Periods (36 Weeks’ Postconception through Adolescence)


These periods of lung development are characterized by increased thinning of the respiratory epithelium and pulmonary mesenchyme, further growth of lung acini, and development of the distal capillary network (see Table 1-1; Figure 1-2). In the periphery of the acinus, maturation of type II epithelial cells occurs in association with increasing numbers of lamellar bodies, as well as increased synthesis of surfactant phospholipids,55,61 the surfactant proteins, SP-A, SP-B, SP-C, and SP-D,48,49,56-60,72 and the ATP-binding cassette transporter, ABCA3, a phospholipid transporter important for lamellar body biogenesis.73 The acinar regions of the lung increase in surface area, and proliferation of type II cells continues. Type I cells, derived from differentiation of type II epithelial cells, line an ever-increasing proportion of the surface area of the distal lung. Capillaries become closely associated with the squamous type I cells, decreasing the diffusion distance for oxygen and carbon dioxide between the alveolar space and pulmonary capillaries. Basal laminae of the epithelium and stroma fuse; the stroma contains increasing amounts of extracellular matrix, including elastin and collagen; and the abundance of smooth muscle in the pulmonary vasculature increases prior to birth.37 In the human lung, the alveolar period begins near the time of birth and continues through the first decade of life, during which the lung grows primarily by septation and proliferation of the alveoli,74 and by elongation and luminal enlargement of the conducting airways. Pulmonary arteries enlarge and elongate in close relationship to the increased growth of the lung.37 Pulmonary vascular resistance decreases, and considerable remodeling of the pulmonary vasculature and capillary bed continues during the postnatal period.37 Lung growth remains active until early adolescence, when the entire complement of approximately 300 million alveoli has been formed.74


Signaling pathways that are critical for growth, differentiation, and maturation of the alveolar epithelium and capillary bed during these periods include the FGF, PDGF, VEGF, RA, BMP, WNT, β-catenin, and NOTCH signaling pathways.30-34,42,43 For example, FGF signaling is critical for alveologenesis during these periods. Targeted deletion of the FGF receptors, Fgfr3 and Fgfr4, blocks alveologenesis in mice. Likewise, targeted deletion of Pdgfa, another growth factor critical for alveologenesis, interferes with myofibroblast proliferation and migration, resulting in complete failure of alveologenesis and postnatal alveolar simplification in mice.30-34,42,43


Nuclear transcription factors found earlier in lung development (i.e., FOXA2, TTF1, GATA6, and SOX2) continue to be important for maturation of the lung, influencing sacculation, alveolarization, vascularization, and cytodifferentiation of the peripheral lung. Transcription factors associated with cytodifferentiation during these periods include: (1) FOXJ1 (ciliated cells), (2) MASH1 (or HASH1) and HES1 (neuroendocrine cells), (3) FOXA3 and SPDEF (mucus cells), and (4) ETV5/ERM (alveolar type II cells).32 Morphogenesis and cytodifferentiation are further influenced by additional transcription factors expressed in the developing respiratory epithelium at this time, including: (1) several ETS factors (ETV5/ERM, SPDEF, ELF3/5); (2) SOX genes (SOX-9, SOX11, SOX17); (3) nuclear factor of activated T cells/calcineurin-dependent 3, or NFATC3; (4) nuclear factor-1, or NF-1; (5) CCAAT/enhancer binding protein alpha, or CEBPα; and (6) Krüppel-like factor 5, or KLF5; as well as the transcription factors, GLI2/GLI3, SMAD3, FOXF1, POD1, and HOX (HOXA5, HOXB2 to B5), all of which are expressed in the mesenchyme.30-34












Control of Gene Transcription During Lung Morphogenesis


Numerous regulatory mechanisms influence cell commitment, proliferation, and terminal differentiation required for formation of the mammalian lung. These events must be precisely controlled in all organs to produce the complex body plan characteristic of higher organisms. In the mature lung, approximately 40 distinct cell types can be distinguished on the basis of morphologic and biochemical criteria.75 Distinct pulmonary cell types arise primarily from subsets of endodermal and mesodermal progenitor cells. Pluripotent or multipotent cells receive precise temporal and spatial signals that commit them to differentiated pathways, which ultimately generate the heterogeneous cell types present in the mature organ. The information directing cell proliferation and differentiation during organogenesis is derived from the genetic code contained within the DNA of each cell in the organism. Unique subsets of messenger RNAs (mRNAs) are transcribed from DNA and direct the synthesis of a variety of proteins in specific cells, ultimately determining cell proliferation, differentiation, structure, function, and behavior for each cell type. Unique features of differentiating cells are controlled by the relative abundance of these mRNAs, which, in turn, determine the relative abundance of proteins synthesized by each cell. Cellular proteins influence morphologic, metabolic, and proliferative behaviors of cells, characteristics that traditionally have been used to assign cell phenotype by using morphologic and cytologic criteria. Gene expression in each cell is also determined by the structure of DNA-protein complexes that comprise the chromatin within the nucleus of each cell. Chromatin structure, in turn, influences the accessibility of individual genes to the transcriptional machinery. Diverse extracellular and intracellular signals also influence gene transcription, mRNA processing, mRNA stability and translation—processes that determine the relative abundance of proteins produced by each cell.


Only a small fraction of the genetic material present in the nucleus represents regions of DNA that direct the synthesis of mRNAs encoding proteins. There is an increasing awareness that sequences in the noncoding regions of genes influence DNA structure and contain promoter and enhancer elements (usually in flanking and intronic regions of each gene) that determine levels of transcription.76 Nucleotide sequencing and identification of expressed complementary DNA (cDNA) sequences encoded within the human genome have provided insight into the amount of the genetic code used to synthesize the cellular proteins produced by each organ.77 At present, nearly all of the expressed cDNAs have been identified and partially sequenced for most human organs. Analysis of these mRNAs reveals distinct, and often unique, subsets of genes that are expressed in each organ, as well as the relative abundance and types of proteins encoded by these mRNAs. Of interest, proteins bearing signaling and transcriptional regulatory information are among the most abundant of various classes of proteins in human cells. Organ complexity in higher organisms is derived, at least in part, by the increasingly complex array of signaling molecules that govern cell behavior. Regulatory mechanisms controlling transcription are listed in Figure 1-4.
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Figure 1-4 Control of gene expression. Diverse cellular mechanisms regulate varying levels of gene transcription that, in turn, control messenger RNA and protein synthesis governing cell differentiation and function during lung development. Inherited patterns of each individual’s genetic code (A) are modified by epigenetic mechanisms that modify chromatin structure through methylation of DNA and/or modification of histone proteins (B). Binding of nuclear transcription factors to specific structural motifs (cis-acting elements) in DNA sequences is modified by associated cofactors and other transcription factors (C). Protein expression is often controlled by transcriptional networks, in which several genes are activated in series to induce or inhibit expression of downstream targets and/or other proteins (D).








Transcriptional Cascades/Hierarchies


Gene transcription is modulated primarily by the binding of transcription factors (or trans-acting factors) to DNA. Transcription factors are nuclear proteins that bind to regulatory motifs consisting of ordered nucleotides, or specific nucleotide sequences. The order of these specific nucleotide sequences determines recognition sites within the DNA (cis-acting elements) that are bound by these nuclear proteins. The binding of transcription factors to these cis-acting elements influences the activity of RNA polymerase II, which binds to sequences near the transcription start site of target genes, initiating mRNA synthesis.76,78 Numerous families of transcription factors have been identified, and their activities are regulated by a variety of mechanisms, including posttranslational modification and interactions with other proteins or DNA, as well as by their ability to translocate or remain in the nucleus.78 Transcription factors also activate the transcription of other downstream nuclear factors, which, in turn, influence the expression of additional trans-acting factors. The number and cell specificity of transcription factors have proven to be large and are represented by diverse families of proteins categorized on the basis of the structural motifs of their DNA binding or trans-activating domains.76,78 These interacting cascades of factors comprise a network with vast capabilities to influence target gene expression. The HOX family of transcription factors (homeodomain, helix-turn-helix-containing family of DNA-binding proteins) represents an example of such a regulatory motif. A series of HOX genes are located in arrays containing large numbers of distinct genes arranged 3’ to 5’ in distinct loci within human chromosomes.7 HOX genes bind to and activate other downstream HOX gene family members that, in turn, bind to and activate the transcription of additional related and unrelated transcription factors, altering their activity and interactions at the transcriptional level.10 Such cascades are now well characterized in organisms such as in D. melanogaster74 and C. elegans.79-81 Mammalian homologues exist for many of these genes, and their involvement in similar regulatory cascades influences gene expression and organogenesis in more complex organisms.3-15 In the mammalian lung, TTF1 and FOX family members are involved in regulatory cascades that determine organogenesis and lung epithelial–specific gene expression. In addition, many other nuclear transcription factors, such as β-catenin, GATA6, POD1, FOXA2, NF1, FOXF1, GLI family members, ETS factors, N-MYC, CEBP family members, retinoic acid receptors (RAR), estrogen receptors, and glucocorticoid receptors, influence lung growth, cytodifferentiation, and function.30-34









Combinatorial Regulation of Gene Transcription and Expression


Advances in understanding mRNA expression profiles, genomics, chromatin structure, and mechanisms regulating gene expression are transforming current concepts regarding the molecular processes that control gene expression. Bioinformatics and advances in computational and systems biology are providing new insights into the remarkable interactions among genes that control other cellular processes. To influence gene expression, genes function in complex networks, which are dependent on each individual’s inherited DNA sequences (genes) and on epigenetic mechanisms independent of genetic constitution. Changes in chromatin structure (packaging of DNA, histones, and other associated proteins) influence the accessibility of DNA to the regulatory actions of various transcriptional complexes (proteins) and is dependent upon posttranslational modification of histone proteins by methylation or acetylation. The regulatory regions of target genes in eukaryotes are highly complex, containing numerous cis-acting elements that bind various nuclear transcription proteins to influence gene expression. Nuclear proteins may bind DNA as monomers or oligomers, or form homo- or hetero-oligomers with other transcriptional proteins. Furthermore, many transcriptional proteins are modified by posttranslational modifications that are induced by receptor occupancy or by phosphorylation and/or dephosphorylation events. Binding of transcription factors influences the structural organization of DNA (chromatin), making regulatory sites more or less accessible to other nuclear proteins, which, in turn, positively or negatively regulate gene expression. Numerous cis-acting elements and their cognate trans-acting proteins interact with the basal transcriptional apparatus to regulate mRNA synthesis. The precise stoichiometry and specificity of the occupancy of various DNA-binding sites also influence the transcription of specific target genes, either positively or negatively. This mode of regulation is characteristic of most eukaryotic cells, including those of the lung. For example, in pulmonary epithelial cells, a distinct set of transcription factors, including TTF1, GATA6, activator protein 1 (AP1), FOX family members, RARs, STAT3, NF1, and specificity protein 1 (SP1), act together to regulate expression of surfactant protein genes, which influence postnatal respiratory adaptation.32,82-84









Influence of Chromatin Structure on Gene Expression


The structure of chromatin is a critical determinant of the ability of target genes to respond to regulatory information influencing gene transcription. The abundance and organization of histones and other chromatin-associated proteins, including nuclear transcriptional proteins, influence the structure of DNA at genetic loci. The accessibility of regulatory regions within genes or groups of genes for binding and regulation by transcription factors is often dependent on chromatin structure. Changes in chromatin structure are likely determined by the process of cell differentiation during which target genes become available or unavailable to the regulatory influences of transcription factors.85 Thus, the activity of a transcription factor at one time in development may be entirely distinct from that at another time. Chemical modification of DNA (e.g., methylation of cytosine) is also known to modify the ability of cis-active elements to bind and respond to regulatory influences. For example, cytosine-guanine (CG)–rich islands are found in transcriptionally active genes, and methylation of these regions may vary developmentally or in response to signals that influence gene transcription. Chromatin structure, in turn, is influenced by post-transcriptional modification of histones and other DNA-associated proteins by biochemical processes, including acetylation, methylation, demethylation, phosphorylation, ubiquitination, sumoylation, and ADP-ribosylation, which then influence the binding of transcriptional complexes and coactivator proteins that interact with the basal transcriptional machinery via polymerase II to alter gene transcription.86









Non-Transcriptional Mechanisms


While regulation of gene transcription is an important factor in organogenesis, numerous regulatory mechanisms, including control of RNA expression, mRNA stability, and protein synthesis and degradation are also known to provide further refinement in the abundance of mRNAs and proteins synthesized by a specific cell, which ultimately determine its structure and function.87 For example, microRNAs (miRNAs) have been implicated recently in the regulation of proliferation, differentiation, and apoptosis of epithelial progenitor cells in the lung.86 miRNAs are small (19 to 25 nucleotides), single-stranded, non-coding RNAs that regulate protein expression by binding to the 3’ untranslated region of target mRNAs, which results in degradation or inhibition of protein translation in the cytoplasm. mi/RNAs are transcribed initially as very long primary transcripts (pri-miRNAs) that contain hundreds to thousands of nucleotides. This primary transcript is cleaved to release a much smaller 70 to 100 nucleotide fragment (pre-miRNA), which is then exported to the cytoplasm. Once in the cytoplasm, this fragment is further cleaved by an RNA polymerase II (DICER) to release a 19- to 25- nucleotide fragment, which is then incorporated into an miRNA-induced silencing complex (miRISC) that guides the miRNA to its target mRNA, where it binds to the mRNA affecting its translation and/or stability.88 High expression levels of at least three members of the miR-17-92 cluster are present in the embryonic lung, but decline as lung development progresses.89 Mice deficient in the miR-17-92 cluster exhibited hypoplasia of the lung,90 while targeted deletion of DICER in the lung resulted in abnormal lung development with increased apoptosis and abnormal branching morphogenesis.91 Overexpression of the miR-17-92 cluster during lung development resulted in the absence of normal terminal (alveolar) saccules, which were replaced with respiratory tubules lined by highly proliferative, undifferentiated epithelium, suggesting that downregulation of the miR-17-92 cluster is critical for normal cellular growth and differentiation.92












Receptor-Mediated Signal Transduction


Receptor-mediated signaling is well recognized as a fundamental mechanism for transducing extracellular information. Such signals are initiated by the occupancy of membrane-associated receptors capable of initiating additional signals (known as secondary messengers), such as cyclic adenosine monophosphate, calcium, and inositide phosphates, which influence the activity and function of intracellular proteins (e.g., kinases, phosphatases, proteases). These proteins, in turn, may alter the abundance of transcription factors, the activity of ion channels, or changes in membrane permeability, which subsequently modify cellular behaviors. Receptor-mediated signal transduction, induced by ligand-receptor binding, mediates endocrine, paracrine, and autocrine interactions on which cell differentiation and organogenesis depend. For example, signaling peptides and their receptors, such as FGF, SHH, WNT, BMP, VEGF, PDGF, and NOTCH have been implicated in organogenesis of many organs, including the lung.30-34,42,43









Gradients of Signaling Molecules and Localization of Receptor Molecules


Chemical gradients within tissues, and their interactions with membrane receptors located at distinct sites within the organ, can provide critical information during organogenesis. Polarized cells have basal, lateral, and apical surfaces with distinct subsets of signaling molecules (receptors) that allow the cell to respond in unique ways to focal concentrations of regulatory molecules. Secreted ligands (e.g., FGFs, TGFβ/BMPs, WNTs, SHH, and HHIP1) function in gradients that are further influenced by binding of the ligand to basement membranes or proteoglycans in the extracellular matrix.30,33,34,43 Spatial information is established by gradients of these signaling molecules and by the presence and abundance of receptors at specific cellular sites. Such systems provide positional information to the cell, which influences its behavior (e.g., shape, movement, proliferation, differentiation, and polarized transport).









Transcriptional Mechanisms Controlling Gene Expression During Pulmonary Development


While knowledge of the determinants of gene regulation in lung development is rudimentary at present, a number of transcription factors and signaling networks that play critical roles in lung morphogenesis have been identified.30-34,42,43 Lung morphogenesis depends on formation of definitive endoderm, which, in turn, receives signals from the splanchnic mesenchyme to initiate organogenesis along the foregut, forming thyroid, liver, pancreas, lung, and portions of the gastrointestinal tract.17 The ventral plate of the endoderm in mammals forms under the direction of FOXA2, a transcription factor that is known to play a critical role in committing progenitor cells of the endoderm to form the primitive foregut.17 FOXA2 is member of a large family of nuclear transcription factors, termed the winged helix family of transcription factors, that are involved in cell commitment, differentiation, and gene transcription in a variety of organs, such as the central nervous system and derivatives of the foregut endoderm, including the gastrointestinal tract, lung, and liver.93 FOXA2 is required for the formation of foregut endoderm, from which the lung bud is derived, and plays a critical role in organogenesis of the lung. While FOXA2 plays a critical role in formation and commitment of progenitor cells to form the foregut endoderm, FOXA2 also influences the expression of specific genes in the respiratory epithelium later in development.94-100 Conditional deletion of Foxa2 after birth caused goblet cell metaplasia, airspace enlargement, and inflammation during the postnatal period,101 while deletion of Foxa2 prior to birth resulted in delayed pulmonary maturation, associated with decreased surfactant lipid and protein expression and the development of a respiratory distress-like syndrome.100 Thus, FOXA2 plays a critical role in specification of foregut endoderm in the early embryo, and is used again in the perinatal and postnatal period to direct surfactant production, alveolarization, postnatal lung function, and homeostasis (Figure 1-5).
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Figure 1-5 A blueprint for lung epithelial cell development. Cytodifferentiation of the respiratory epithelium is controlled by transcriptional networks of genes (highlighted) that are expressed throughout lung development, in conjunction with autocrine and paracrine signaling pathways that control structural morphogenesis of the lung. Additional transcription factors are induced or repressed later in development, and in the adult organ, to influence the differentiation of specific cell types.




TTF1 (TITF1) is a 38-kd nuclear protein, containing a homeodomain DNA-binding motif, that is critical for formation of the lung and for regulation of a number of highly specific gene products produced only in the respiratory epithelium.84,102,103 TTF1 is also expressed in the thyroid and in specific regions of the developing central nervous system.35,102 In the lung, TTF1 is expressed in the respiratory epithelium of the primitive lung bud (see Figure 1-2).35,102,103 Ablation of Titf1 in the mouse impaired lung morphogenesis, resulting in tracheoesophageal fistula and hypoplastic lungs lined by a poorly differentiated respiratory epithelium and lacking the distal, alveolar, gas exchange regions.102,103,106,107 Substitution of a mutant Titf1 gene, which lacked phosphorylation sites, restored lung development in the Titf1 knockout mouse.108 Expression of a number of genes, including those regulating surfactant homeostasis, fluid and electrolyte transport, host defense, and vasculogenesis, is regulated by TTF1 phosphorylation prior to birth. TTF1 regulates the expression of a number of genes in a highly specific manner in the respiratory epithelium, including surfactant proteins, SP-A, SP-B, and SP-C, and CCSP.109-112 TTF1 functions in concert with other transcription factors, including FOXA2, GATA6, NF1, ERM, PARP2, SP1/SP3, TAZ, NFAT, and RARs to regulate lung-specific gene transcription.32,113-123 TTF1 gene transcription itself is modulated by the activity of FOXA2, which binds to the promoter enhancer region of the TTF1 gene, thus creating a transcriptional network.99 A combinatorial mode of regulation is evidenced by the apposition of clustered TTF1 cis-active elements and FOXA2 binding sites in target genes, such as the SP-B and CCSP genes.96,116 The stoichiometry, timing, and distinct combinations of transcription factor binding, as well as posttranscriptional modification of TTF1 by phosphorylation, are involved in differential gene expression throughout lung development. TTF1 and other transcription factors are recruited to nuclear complexes at regulatory sites of target genes that influence respiratory epithelial cell differentiation, providing and translating spatial information required for the formation of the highly diverse epithelial cell types lining distinct regions of the respiratory tract (see Figure 1-5).









Epithelial-Mesenchymal Interactions and Lung Morphogenesis


In vivo and in vitro experiments support the concept that branching morphogenesis and differentiation of the respiratory tract depends on reciprocal signaling between endodermally derived cells of the lung buds and the pulmonary mesenchyme or stroma.30-34,43 This interdependency depends on autocrine and paracrine interactions that are mediated by the various signaling mechanisms governing cellular behavior (see Figure 1-3). Similarly, autocrine and paracrine interactions are known to be involved in cellular responses of the postnatal lung, generating signals that regulate cell proliferation and differentiation necessary for its repair and remodeling following injury. The splanchnic mesenchyme produces a number of signaling peptides critical for migration and proliferation of cells in the lung buds, including FGF10, FGF7, FGF9, BMP5, and WNT 2/2b, which activate receptors found on epithelial cells. In a complementary manner, epithelial cells produce WNT7b, WNT5a, SHH, BMP4, FGF9, VEGF, and PDGF that activate receptors and signaling pathways on target cells in the mesenchyme.30,33,34,42,43









Branching Morphogenesis, Vascularization, and Sacculation


Two distinct processes, branching and sacculation, are critical to morphogenesis of the mammalian lung. The major branches of the conducting airways of the human lung are completed by 16 weeks (p.c.) by a process of dichotomous branching, initiated by the bifurcation of the main stem bronchi early in the embryonic period of lung development. Epithelial-lined tubules of ever-decreasing diameter are formed from the proximal to distal region of the developing lung. Pulmonary arteries and veins form along the tubules and ultimately invade the acinar regions, where capillaries form between the arteries and veins, completing the pulmonary circulation.37,42 The bronchial vasculature arises from the aorta, providing nutrient supply predominantly to bronchial and bronchiolar regions of the lung. In contrast, the alveolar regions are supplied by the pulmonary arterial system. Lymphatics and nerves form along the conducting airways, the latter being prominent in hilar, stromal and vascular tissues, but lacking in the alveolar regions of the lung.124 A distinct period of lung sacculation and alveolarization begins in the late canalicular period (16 weeks p.c. and thereafter), which will result in the formation of the adult respiratory bronchiole, alveolar duct, and alveoli. During sacculation, a unique pattern of vascular supply forms the capillary network surrounding each terminal saccule, providing an ever-expanding gas exchange area that is completed in adolescence. Both vasculogenesis and angiogenesis contribute to formation of the pulmonary vascular system.37,42 Signaling via SHH, VEGFA, FOXF1, NOTCH, Ephrins, and PDGF plays important roles in pulmonary vascular development.30,33,34,42 For example, VEGFA and its receptors (VEGFR1, VEGFR2) are critical factors for vasculogenesis in many tissues. Targeted inactivation of Vegf and Vefgfr1 in mice results in impaired angiogenesis,125 while overexpression of the VEGFA 164 isoform disrupts pulmonary vascular endothelium in newborn conditional transgenic mice, causing pulmonary hemorrhage.126 PROX1, a homeo domain transcription factor, is induced in a subset of venous endothelial cells during development and upregulates other lymphatic-specific genes, such as VEGFR3 and LYVE1, which are critical for development of the lymphatic network in the lung.124 Growth factors important for lymphatic development include VEGFC and its receptor, VEGFR3, as well as the angiopoietins, ANG1 and ANG2, and their receptors, TIE1 and TIE2.124 Insufficiency or targeted deletion of these factors in mice impairs lymphatic vessel formation.127,42









Control of Lung Proliferation During Branching Morphogenesis


Dissection of the splanchnic mesenchyme from the lung buds arrests cell proliferation, branching, and differentiation of the pulmonary tubules in vitro.43 Both in vitro and in vivo experiments strongly support the concept that the mesenchyme produces signaling peptides and growth factors critical to the formation of respiratory tubules.43 In addition, lung growth is influenced by mechanical factors, including the size of the thoracic cavity and by stretch. For example, complete occlusion of the fetal trachea in utero enhances lung growth, while drainage of lung liquid or amniotic fluid causes pulmonary hypoplasia.128,129 Regional control of proliferation is required for the process of dichotomous branching: division is enhanced at the lateral edges of the growing bud and inhibited at branch points.130 Precise positional control of cell division is determined by polypeptides derived from the mesenchyme (e.g., growth factors or extracellular matrix molecules) that selectively decrease proliferation at clefts and increase cell proliferation at the edges of the bud. Proliferation in the respiratory tubule is dependent on a number of growth factors, including the FGF family of polypeptides. In vitro, FGF1 and FGF7 (also known as keratinocyte growth factor, KGF) partially replace the requirement of pulmonary mesenchyme for continued epithelial cell proliferation and budding.131,132 FGF polypeptides are produced by the mesenchyme during lung development and bind to and activate a splice variant of FGFR2 (FGFR2IIIb) that is present on respiratory epithelial cells, completing a paracrine loop.133,134 Blockade of FGFR2 signaling in the epithelium of the developing lung bud in vivo, using a dominant-negative FGF receptor mutant, completely blocked dichotomous branching of all conducting airway segments except the primary bronchi in mice.135 FGF10 produced at localized regions of mesenchyme near the tips of the lung buds creates a chemoattractant gradient that activates the FGFR2IIIb receptor in epithelial cells of the lung buds, inducing cell migration, differentiation, and proliferation required for branching morphogenesis.136 Deletion of Fgf10 or Fgfr2IIIb in mice blocked lung bud formation, resulting in lung agenesis.137,138 Increased expression of FGF10 or FGF7 in the fetal mouse lung caused severe pulmonary lesions with all of the histologic features of cystic adenomatoid malformations.139,140 FGF7 is also mitogenic for mature respiratory epithelial cells in vivo, enhancing proliferation of bronchiolar and alveolar cells when administered intratracheally to the lungs of adult rats or by conditional targeted overexpression in mice.141,142 Since FGF7 is produced during lung injury, it is likely that FGF signaling molecules mediate cell proliferation or migration to influence repair.143 FGF7 and FGF1 increase expression of surfactant proteins in vitro and in vivo, suggesting that these factors enhance type II cell differentiation.144,145 Signaling polypeptides known to influence branching morphogenesis and differentiation of the respiratory tract are listed in Box 1-1.





Box 1-1 Secreted Polypeptides That Influence Lung Morphogenesis and Differentiation







Sonic hedgehog (SHH)


β-catenin


WNT family members (WNT2/2b, 7b, 5a, and R-spondin)


Fibroblast growth factors (FGF1, FGF7, FGF9, FGF10)


Bone morphogenetic proteins (BMP4)


Transforming growth factor-beta (TGFβ)


Vascular endothelial growth factor (VEGFA, VEGFC)


Platelet-derived growth factor (PDGFA, PDGFB)


Epidermal/transforming growth factors (EGF/TGFα)


Hepatocyte growth factor (HGF)


Insulin-like growth factors (IGFI, IGF2)


Granulocyte-macrophage colony-stimulating factor (GM-CSF)















Role of Extracellular Matrix, Cell Adhesion, and Cell Shape


The pulmonary mesenchyme is relatively loosely packed, and there is little evidence that cell type is specified during the early embryonic period of lung development. However, with advancing gestation, increasing abundance of extracellular matrix molecules, including laminin, fibronectin, collagens, elastin, and proteoglycans, is readily detected in the mesenchyme adjacent to the developing epithelial structures.146-152 Variability in the presence and abundance of various matrix molecules within the mesenchyme influences structural development, cytodifferentiation, and cell interactions in vivo. In vitro, inhibitors of collagen, elastin, and glycosaminoglycan synthesis, as well as antibodies to various extracellular and cell attachment molecules, alter cell proliferation and branching morphogenesis of the embryonic lung. Mesenchymal cells differentiate to form vascular elements (endothelium and smooth muscle) and distinct fibroblastic cells (myofibroblasts and lipofibroblasts), which all arise from the relatively undifferentiated progenitor cells of the splanchnic mesenchyme. While little is known regarding the factors influencing differentiation of the pulmonary mesenchyme, the development of pulmonary vasculature is dependent on VEGFs.42 VEGFA is secreted by respiratory epithelial cells, stimulating pulmonary vasculogenesis via paracrine signaling to receptors that are expressed by progenitor cells in the mesenchyme.153-156 PDGFA, another growth factor secreted by the respiratory epithelium, influences proliferation and differentiation of myofibroblasts in the developing lung by binding to the PDGF alpha receptor, and deletion of Pdgfa caused pulmonary malformation in transgenic mice.157 The organization of both mesenchyme and epithelium is further modulated by cell adhesion molecules of various classes, including the cadherins, integrins, and polypeptides forming cell-cell junctions, which contribute to cellular organization and polarity of various tissues during pulmonary organogenesis. Furthermore, the surrounding extracellular matrix contains adhesion molecules that interact with attachment sites at cell membranes, influencing cell shape and polarity.147,149 Cell shape is determined, at least in part, by the organization of these cell attachment molecules to the cytoskeleton. Cell shape, polarity, and mobility are further influenced by cytoskeletal proteins that interact with the extracellular matrix, as well as neighboring cells. Recently, the planar cell polarity (PCP) pathway and its downstream effector, Rho kinase, have been shown to be critical for branching morphogenesis in vivo through their effects on cytoskeletal remodeling and organization, which influence apical-basal polarity within epithelia.158,159 Mutations in the genes, Celsr1 and Vangl2 that are key components of the PCP pathway, disrupted the actin-myosin cytoskeleton during mouse lung development, resulting in hypoplastic lungs with fewer branches and terminal buds, thickened mesenchyme, and highly disorganized epithelia with narrow or absent lumina.160


Cell shape also influences intracellular routing of cellular proteins and secretory products, determining sites of secretion. In vitro, epithelial cells grown on extracellular matrix gels at an air-liquid interface form a highly polarized cuboidal epithelium that maintains cell differentiation and polarity of secretions in vitro. Loss of cell shape is associated with the loss of differentiated features, such as surfactant protein and lipid synthesis, demonstrating the profound influence of cell shape on gene expression and cell behavior.161-163









Autocrine-Paracrine Interactions in Lung Injury and Repair


As in lung morphogenesis, autocrine-paracrine signaling plays a critical role in the process of repair following lung injury. The repair processes in the postnatal lung, as in lung morphogenesis, require the precise control of cell proliferation and differentiation and, as such, are likely influenced by many of the signaling molecules and transcriptional mechanisms that mediate lung development. Events involved in lung repair may recapitulate events occurring during development, in which progenitor cells undergo proliferation and terminal differentiation after lung injury. While many of the mechanisms involved in lung repair and development may be shared, it is also clear that fetal and postnatal lung respond in distinct ways to autocrine-paracrine signals. Cells of the postnatal lung have undergone distinct phases of differentiation and may have different proliferative potentials, or respond in unique ways to the signals evoked by lung injury. For example, after acute or chronic injury, increased production of growth factors or cytokines may cause pulmonary fibrosis or pulmonary vascular remodeling in neonatal life, mediated by processes distinct from those occurring during normal lung morphogenesis.164-169 The role of inflammation and the increasing activity of the immune system that accompanies postnatal development also distinguishes the pathogenesis of disease in fetal and postnatal lungs.









Host Defense Systems


Distinct innate and adaptive defense systems mediate various aspects of host responses in the lung. During the postnatal period, the numbers and types of immune cells present in the lung expand markedly.170 Alveolar macrophages, dendritic cells, lymphocytes of various subtypes, polymorphonuclear cells, eosinophils and mast cells each have distinct roles in host defense. Immune cells mediate acute and chronic inflammatory responses accompanying lung injury or infection. Both the respiratory epithelium and inflammatory cells are capable of releasing and responding to a variety of polypeptides that induce the expression of genes involved in (1) cytoprotection (e.g., antioxidants, heat shock proteins); (2) adhesion, influencing the attraction and binding of inflammatory cells to epithelial and endothelial cells of the lung; (3) cell proliferation, apoptosis, and differentiation that follow injury or infection; and (4) innate host defense. An increasing array of cytokines and chemokines have now been identified that contribute to host defense following lung injury.171,172


The adaptive immune system includes both antibody and cell-mediated responses to antigenic stimuli. Adaptive immunity depends on the presentation of antigens by macrophages, dendritic cells, or the respiratory epithelium to mononuclear cells, triggering the expansion of immune lymphocytes and initiating antibody production and cytotoxic activity needed to remove infected cells from the lung. The lung contains active lymphocytes (natural killer cells, helper and cytotoxic T cells) that are present within the parenchyma and alveolus. Organized populations of mononuclear cells are also found in the lymphatic system along the conducting airways, termed the bronchiolar- associated lymphocytes. Cytokines and chemokines, including (1) interleukin (IL) 1, or IL1, (2) IL8, (3) tumor necrosis factor-α, or TNFα, (4) regulated on activation, normal T-expressed and secreted protein, or RANTES, (5) granulocyte-macrophage colony-stimulating factor, or GM-CSF, and (6) macrophage inflammatory protein-1α, or MIP-1α, are produced by cells in the lung and provide proliferative and/or differentiative signals to inflammatory cells that, in turn, amplify these signals by releasing additional cytokines or other inflammatory mediators within the lung.172 Receptors for some of these signaling molecules have been identified in pulmonary epithelial cells. For example, GM-CSF plays a critical role in surfactant homeostasis. Genetic ablation of GM-CSF or GM-CSF-IL3/5β chain receptor in mice causes alveolar proteinosis associated with macrophage dysfunction and surfactant accumulation.173-177 Pulmonary alveolar proteinosis in adult human patients is associated with high-affinity autoantibodies against GM-CSF that block receptor activation required for surfactant catabolism by alveolar macrophages.178,179 Inherited defects in the GM-CSF receptor, including both the GM-CSF receptor alpha and beta chains, have been associated with alveolar proteinosis in children.178,179 GM-CSF stimulates both differentiation and proliferation of Type II epithelial cells, as well as activating alveolar macrophages to increase surfactant catabolism. Thus, GM-CSF acts in an autocrine and paracrine fashion as a growth factor for both the respiratory epithelium and for alveolar macrophages. A number of additional growth factors, including FGFs, EGF, TGFα, PDGF, IGFs, TGFβ, and others, are released by lung cells following injury. These polypeptide growth factors likely play a critical role in stimulating proliferation of the respiratory epithelial cells required to repair the injured respiratory epithelium.169,172 For example, intratracheal administration of FGF7 causes marked proliferation of the adult respiratory epithelium and protects the lung from various injuries.141









Innate Defenses


The lung also has innate defense systems that function independently of those provided by the mesodermally derived immune system. The respiratory epithelium and other lung cells secrete a variety of polypeptides that serve defense functions, including bactericidal polypeptides (lysozyme and defensins), collectins (surfactant proteins, SP-A and SP-D), and other polypeptides that enhance macrophage activity involved in the clearance of bacteria and other pathogens. SP-A and SP-D, both members of the collectin family of mammalian lectins,158 are secreted by the respiratory epithelium and bind to pathogenic organisms, enhancing their phagocytosis by alveolar macrophages.180-183 Polypeptide factors with bactericidal activity, such as the defensins, are produced by various cells in response to inflammation within the lung, and are likely to play roles in host defense.184 Thus, the immune system and accompanying production of chemokines and cytokines serve in an autocrine-paracrine fashion to modulate expression of genes mediating innate and immune-dependent defenses, as well as cell growth, critical to the repair of the parenchyma after injury. Uncontrolled proliferation of stromal cells leads to pulmonary fibrosis, just as uncontrolled growth of the respiratory epithelium produces pulmonary adenocarcinoma. Chronic inflammation, whether through inhaled particles, infection, or immune responses, may therefore establish ongoing proliferative cascades that lead to fibrosis and abnormal alveolar remodeling associated with chronic lung disease.185









Gene Mutations in Lung Development and Function


Knowledge of the role of specific genes in lung development and function is expanding rapidly, extending our understanding of the role of genetic mutations that cause lung malformation and disease. Mutations in the DNA code may alter the abundance and function of encoded polypeptides, causing changes in cell behavior that lead to lung malformation and dysfunction. While poorly understood at present, a congenital malformation, termed acinar dysplasia, is associated with decreased or absent levels of TTF1, FOXA2, and surfactant proteins; lungs from these infants are severely hypoplastic and lack peripheral airways at birth.186 Such findings implicate the transcription factors TTF1 and FOXA2, or their upstream regulators, in acinar dysplasia. Mutations in TTF1 cause lung hypoplasia, hypothyroidism, and neurologic disorders.187-195 Mutations in SOX9 influence the growth of the chest wall and cause lung hypoplasia in campomelic dwarfism,196-200 while mutations in SOX2 have been associated with tracheoesophageal fistula, anophthalmia, microphthalmia, and central nervous system defects.201 Similarly, defects in SHH and FGF signaling have been associated with lung and tracheobronchial malformations in human infants.202,203 Mutations in the transcription factor FOXF1 have been causally linked to the lethal congenital malformation, alveolar capillary dysplasia with misalignment of the pulmonary veins.204,205 Thus, it is increasingly apparent that mutations in genes influencing transcriptional and signaling networks that control lung morphogenesis cause pulmonary malformations in infants. Likewise, it is highly likely that allelic diversity in genes influencing lung morphogenesis will impact postnatal lung homeostasis and disease pathogenesis. Findings that SOX2 and TTF1 are frequently amplified in adults with squamous and non–small cell adenocarcinoma, respectively, links the processes controlling morphogenesis with those regulating epithelial cell proliferation and transformation in the respiratory tract.206-208


Postnatally, mutations in various genes critical to lung function, host defense, and inflammation are associated with genetic disease in humans. Hereditary disorders affecting lung function include: (1) cystic fibrosis, caused by mutations in the cystic fibrosis transmembrane conductance regulator protein; (2) emphysema, caused by mutations in α1-antitrypsin; (3) lymphangioleiomyomatosis, caused by mutations in tuberous sclerosis complex 1 and 2; (4) alveolar proteinosis, caused by mutations in the GM-CSF receptor; and (5) respiratory distress, interstitial lung disease, and pulmonary fibrosis caused by mutations in the surfactant proteins, SP-B and SP-C, and in the phospholipid transporter, ABCA3.209-214 In addition, mutations in polypeptides controlling neutrophil oxidant production lead to bacterial infections associated with chronic granulomatous disease.215,216 The severity of disease associated with these monogenetic disorders is often strongly influenced by other inherited genes or environmental factors (e.g., smoking) that ameliorate or exacerbate underlying lung disease. The identification of “modifier genes” and the role of gene dosage in disease susceptibility will be critical in understanding the pathogenesis and clinical course of pulmonary disease in the future.















Summary


The molecular and cellular mechanisms controlling lung morphogenesis and function provide a fundamental basis for understanding the pathogenesis and therapy of pulmonary diseases in children and adults. Future advances in pulmonary medicine will depend on the identification of genes and their encoded polypeptides that play critical roles in lung formation and function. Knowledge regarding the complex signaling pathways that govern lung cell behaviors during development and after injury will provide the basis for new diagnostic and therapeutic approaches that will influence clinical outcomes. Diagnosis of pulmonary disease will be facilitated by the identification of new gene mutations that cause abnormalities in lung development and function. Since many of the events underlying lung morphogenesis are likely to be involved in the pathogenesis of lung disease postnatally, elucidation of molecular pathways governing lung development will provide the knowledge to understand the cellular and molecular basis of lung diseases. Advances in recombinant DNA technology and the ability to synthesize bioactive polypeptides, and to add or delete genes via DNA transfer, are likely to influence the therapy of pulmonary disease in the future.
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Background


During childhood, long-term respiratory illnesses occur at a higher prevalence than all other chronic conditions combined.1 Among the respiratory illnesses, asthma is the single most common acute disease of childhood affecting an estimated 300 million individuals worldwide.2 The most common lethal inherited disease of childhood is cystic fibrosis, which occurs in approximately 1 in 3000 births in Northern European populations. Both diseases are considered to have significant heritable components underlying disease etiology.3-6 Cystic fibrosis is inherited, with heritable factors accounting for 54% to 100% of inter-individual variation in disease presentation and severity.3 Estimates indicate that asthma, on the other hand, is 36% to 79% heritable.4-6 Despite consistent evidence of strong heritability and high levels of investment in the genetic characterization of these diseases, to date only a fraction of the total heritability of asthma has been accounted for, as compared with cystic fibrosis. The basis for this polarity lies in the type and number of underlying disease-causing factors.


Cystic fibrosis is a classic Mendelian disease. This means that its transmission follows a simple pattern of inheritance set forth by Gregor Mendel in the 1800 s and is now recognized as characteristic of single-gene autosomal recessive disorders. Attempts to model the causation of asthma, on the other hand, indicate that the heritable proportion of disease risk is composed of multiple effects, each of moderate size (a so-called “complex” or “multifactorial” etiology). Cystic fibrosis and asthma have therefore required somewhat different approaches toward their genetic dissection, and this has influenced how successful disease gene identification has been.


In this chapter, we will outline the approaches taken to identify individual sources of disease heritability for respiratory illnesses of childhood, using cystic fibrosis and bronchial asthma as examples. In addition, we will also consider potential explanations for missing heritability (i.e., the proportion of heritability that remains unaccounted for by known genetic factors). We will highlight current shortfalls in research paradigms (e.g., genetic factors that are not amenable to detection via existing technologies and study designs), and we will discuss alternative sources of heritability inseparable from genetics during the early phase of heritability estimation (i.e., epigenetic inheritance and gene × environment interactions).









Cystic Fibrosis: Strategies for the Mapping of a Single Gene Disorder


Cystic fibrosis (CF) follows a characteristic autosomal recessive pattern of inheritance, requiring two copies of a risk allele to be present for the expression of the disease phenotype. De novo mutation coupled with the inheritance of a single risk allele from one apparently disease-free (heterozygous carrier) parent are infrequent.7 This relatively simple pattern of disease transmission can be considered indicative of single gene involvement and large-effect, highly penetrant alleles. These represent ideal conditions for the application of linkage mapping; a technique that traces allele and disease transmission in families. By using the patterns of allele sharing in individuals concordant for disease, it is possible to identify gross genomic intervals that contain disease-causing genetic lesions. This technique was successfully applied to CF across a series of experiments in the 1980s and resulted in the identification of a large contiguous interval located on the long arm of human chromosome 7 (7q31).8-14 This locus was found to contain at least four transcribed sequences, three of which could be excluded following recombination mapping15 and chromosome walking/jumping techniques.16


Recombination mapping directly compares the frequency and distribution of cross-over events within a defined interval between cases and controls, and chromosome walking uses each end of a DNA fragment to screen a library of DNA clones for the identification of adjoining sequences, the most distal elements of which become new probes. This technique allows the researcher to effectively “walk” along a DNA sequence of interest, while jumping impassable regions (e.g., those that are highly repetitive or rich in G and C nucleotides) by the omission of bases between defined intervals. Through a combination of DNA sequence analysis and interrogation of overlapping cDNA clones derived from cultured epithelial cell libraries with a genomic DNA segment obtained from the putative CF locus, Riordan and colleagues successfully cloned the fourth transcribed sequence in 1989.16 The consensus region from the isolated overlapping cDNA clones revealed an Open Reading Frame (ORF) encoding a 1480 amino acid polypeptide (the Cystic Fibrosis Transmembrane Conductance Regulator or CFTR). Within the ORF, loss of a single phenylalanine residue at position 508 was observed in 68% of cystic fibrosis chromosomes as compared with 0% of disease-free controls. This mutation, now known as F508del, can be traced back at least 2300 years to Iron Age Europeans.17 It is hypothesized to have persisted due to a heterozygote selective advantage possibly in terms of resistance to infectious pathogens such as the chloride-secreting diarrheas (Vibrio cholerae and Escherichia coli),18 or alternatively as a reproductive advantage.19,20


CFTR represents the first human disease gene to be cloned exclusively through position-based methods, collectively termed positional cloning, without guidance from cytogenetic aberrations (i.e., rearrangements or deletions) as had been the case for previously cloned disease genes such as Dystrophin (DMD) in Duchenne muscular dystrophy.21 The CFTR gene encodes an ABC protein that acts both as a chloride channel, regulating the flow of chloride anions and therefore water across cellular membranes. It also regulates the activity of several other substrate transporter pathways (e.g., chloride-coupled bicarbonate). These activities are required for normal fluid transport in the secretory epithelia of the lungs, gastrointestinal tract, pancreas, sweat glands, and testes; impairments lead to slowed epithelial surface fluid secretion, dehydration of epithelial surface materials, congestion, obstruction, and, ultimately, recurrent bacterial infections.









Cystic Fibrosis: Fine-Scale Heterogeneity in Disease Causation


Today almost 1900 disease-causing mutations have been documented in CFTR (www.genet.sickkids.on.ca/cftr/StatisticsPage.html), although the majority of these are infrequent or specific to individual populations. F508del remains the most common mutation, with only five variants carrying frequencies above 1%.22 CFTR mutations are now classified into five functional groups: (I) complete absence of CFTR protein production, (II) CFTR protein trafficking defects (with low or absent protein production), (III) defective regulation, (IV) defective chloride transport through CFTR, and (V) defective CFTR splicing with diminished production of wild-type CFTR (reviewed in 23). These groupings have broad clinical implications, with mutation classes I to III associated with a more severe form of the disease and pancreatic insufficiency, the latter being a common feature of CF. With the exception of this crude heuristic, a marked variability in the clinical presentation and organ involvement of patients carrying identical CFTR alleles has been observed. As such, efforts are now focused on dissection of the genotype-phenotype relationship and the identification of factors capable of its modification.


Although environmental factors such as nutrition and exposure to infection undoubtedly influence clinical presentation and disease severity, evidence is also now accumulating in favor of a genetic contribution, suggesting that the condition may not in fact be a single gene disorder. Early experiments have shown that mice deficient for CFTR vary in disease severity (in particular the degree of intestinal obstruction), as a function of genetic background (i.e., strain).16 Similar effects have also been documented in humans, although with varying degrees of replication. A number of potential genes with modifier effects have been proposed based on existing knowledge of CF disease biology (a candidate gene approach) and tested for association with various parameters of clinical presentation including disease severity, rate of pulmonary function decline, and survival. Many of these studies have relied, however, on small phenotypically and genetically diverse populations, thereby limiting the interpretation of the results. Two of the more consistent effects reported in the literature include TGFβ1 (Transforming Growth Factor β1) and MBL2 (Mannose binding lectin 2). TGFβ1 is a pro-fibrotic cytokine involved in a variety of cellular processes such as growth, proliferation, differentiation, and apoptosis. Variants at the 5’ terminus of this gene have been associated with lung disease severity in CF (determined through Forced Expiratory Volume in 1 second [FEV1]) with odds ratios of around 2.2.20 MBL2 is an antigen recognition molecule that is capable of binding a range of pathogens and symbionts including bacteria, fungi, viruses, and parasites, and it is involved in the complement-mediated (innate immune) host defense response. MBL2 protein deficiencies caused by prevalent mutations in both the promoter and exon 1 of the gene appear to moderate susceptibility to infectious diseases across a wide range of populations, in particular the critically ill, immunocompromised, and young (6 to 18 months).24 Early research associated these low MBL-producing genotypes with poor lung function and survival in CF.25,26 Recent research has implicated that the genotypes are involved in early bacterial infection,27,28 providing a potential mechanism for MBL-deficiency–related pulmonary decline. Not all such experiments29 support this observation, but this might be attributable to variation in sample size and consequently power of the studies.









Novel Methods for the Identification of Genetic Modifiers


Recent advances in technology have enabled a shift away from candidate gene, knowledge-driven approaches toward the identification of genetic modifiers. New high throughput techniques allow the simultaneous interrogation of all known genes in the human genome irrespective of their hypothesized role in disease. To date, only a handful of studies have applied such techniques to CF, and they focus predominantly on determining the global gene expression profile of the respiratory epithelium and its response to CF disease–causing mutations. Zabner and colleagues recently performed a systematic comparison between gene expression patterns of non-CF (wild type) and CF (F508del homozygous) primary human airway epithelial cell cultures under resting conditions.30 Expression patterns were assayed across a total of 22,283 genes and examined for significant differences. Minimal changes were observed, with only 24 genes reaching a 1% False Discovery Rate (FDR) threshold; 18 were found to have increased expression in CF, and the remaining 6 genes had decreased expression. The 24 genes included SLC12A4 (Solute Carrier family 12, member 4, a potassium and chloride transporter) and IL21R (Interleukin 21 Receptor, a type I cytokine receptor for interleukin 21), both genes of relevance to CF.


Data from these types of study provide potential clues into the biological pathways involved in CF and insights into the possible sources of inter-individual variability. The quality of data and the conclusions that can be drawn are, however, inextricably linked to the degree of stringency applied to the study design. Extraneous, uncontrolled sources of variation that originate from factors such as sample cell type composition, sample treatment prior to RNA extraction, and distribution of age, gender, and environmental exposures across sample groups can have profound effects on the transcriptional profile. This consequently can lead to anomalous differential expression results (Table 2-1).


Table 2-1 Factors Previously Identified to Have an Impact on Gene Expression Data






	Variable

	References

	Species






	Age

	
95, 96


	Human, mouse, rat, dog






	Sex

	
97-100


	Human, drosophila, mouse, nematode






	Ethnicity

	
101, 102


	Human






	Environment (lifestyle/geography)

	103

	Human






	Diet

	
96, 104


	Mouse, dog






	Time of day

	
105-107


	Human, rat, arabidopsis






	Sample cellular composition

	105

	Human






	Agonal factors (postmortem tissue)

	108

	Human






	Method of sample preservation

	109

	Human






	Platform

	
110-112


	Human, mouse, rat






	Cell culture conditions

	
113, 114


	Human






	Laboratory

	111

	Human














Asthma


The term asthma is derived from the identical Greek word meaning “noisy breathing.”31 The disease manifests as periods of reversible airflow obstruction accompanied by bronchoconstriction and inflammation. Symptoms are variable but include wheeze, cough, chest tightness, and shortness of breath. While associated with normal life expectancy, unlike CF sufferers, asthma is still estimated to be responsible for approximately 1 in 250 deaths worldwide; and each death is viewed to be preventable.2 Buoyed by the successes in Mendelian disease gene identification, genome-wide linkage methods were first applied to asthma in 199632 and were subsequently repeated across a variety of different population collections. These experiments led to the identification of numerous putative disease loci, only a proportion of which were found to replicate consistently between cohorts. While this failure to reproduce may reflect cryptic gene × environment interactions or ancestry-related variation in linkage disequilibrium (LD) patterns, the likelihood is that a proportion of the unreplicated linkage peaks actually represent false positives. Interestingly, a recent meta-analysis of genome-wide linkage studies for asthma involving more than 2000 families and 5000 affected individuals identified only one region—chromosome 5 (141 to 169 centimorgans [cM])—that in all families attained genome-wide significance, and two regions—2p21-14 and 6p21—that attained significance only in families of European ancestry.33


Once identified, and replicated in more than one population, a small number of linkage intervals have been pursued by positional cloning (identification of underlying disease gene[s] by position-based methods). Relative to Mendelian diseases, this has proven to be an expensive and lengthy undertaking, typically requiring many successive rounds of fine-mapping in order to reduce the size of the linkage interval to a tractable number of genes. To date, six loci have been positionally cloned; ADAM33 chromosome 20p13,34 DPP10 chromosome 2q14,35 PHF11 chromosome 13q14,36 NPSR1 (previously known as GPRA) chromosome 7p14,37 HLA-G chromosome 6p21,38 and CYFIP2 chromosome 5q33.39 The proteins encoded by these genes are engaged in a variety of distinct processes, including airway remodeling (ADAM33), T-cell adhesion and differentiation (CYFIP2), and transcriptional regulation (PHF11).


Prior to these genes being identified, historical concepts of disease causation had been founded on simple observations such as efficacy of pharmacologic therapies (e.g., β2-adrenergic receptor agonists, see40 for an excellent review). Positional cloning has consequently extended our knowledge of the biological systems underlying asthma, but the genes identified account for relatively little of the estimated 36% to 79% heritability of asthma, as the effect size of each locus is comparatively small. A recent meta-analysis of ADAM33 variants and haplotypes found a maximum odds ratio of 1.46 (95% CI 1.21 to 1.76)41, while a large German case-control study of NPSR1 observed a maximum single-marker odds ratio of 1.40 (95% CI 1.04 to 1.88).42 There are a number of potential explanations for why such a small amount of asthma heritability has been identified so far.


The Common Disease, Common Variant (CDCV) hypothesis, postulated in the late 1990s,43 suggests that common diseases such as asthma and diabetes are caused by many prevalent alleles of small effect acting in concert to generate the disease phenotype. This model of causation provides a viable explanation for the shortfalls of linkage mapping. Linkage mapping possesses relatively low power in such scenarios being better designed for the identification of loci harboring recessive, highly penetrant effects, and situations of allelic heterogeneity in which multiple individually rare alleles co-localize to a common locus. A more appropriate technique for CDCV identification is genetic association. This approach directly compares allele frequencies between cases and controls, seeking sites at which allele frequency correlates with case status.









Genome-Wide Association


Genome-Wide Association (GWA) applies the power of genetic association across the entire genome simultaneously. The technique relies upon the prevalence of Single Nucleotide Polymorphisms (SNPs) occurring approximately once every 100 to 300 bases. Due to knowledge of linkage disequilibrium (LD) patterns in different populations available through the HapMap project (http://snp.cshl.org/), it is possible to have near-complete coverage of common variation (minor allele frequency [MAF] ≥ 5%) via a SNP “tagging” method (Figure 2-1). Implementing the use of tag SNPs results in a reduction in the genotyping burden of high-density mapping experiments by defining a non-overlapping, fully informative marker set, omitting those markers the genotypes of which can be inferred from other proximal positions.





[image: image]

Figure 2-1 A haplotype tagging approach to SNP selection. Haplotypes are shown across four single nucleotide polymorphisms (SNPs) at a single chromosomal locus in four separate individuals (haplotypes are shown on the vertical). It can be seen that the allele at SNP 1 is perfectly predictive of the allele at SNP 3 (both SNP 1 and SNP 3 are highlighted in pale blue). An A allele at SNP 1 is always accompanied by a T allele at SNP 3 and the alternative allele G at SNP 1 is always accompanied by a C at SNP 3. A similar situation is seen for SNPs 2 and 4 (highlighted in green), where each is perfectly predictive of the other in terms of alleles present. The SNPs are therefore said to exhibit strong levels of linkage disequilibrium with one another, meaning that they are frequently co-inherited. Consequently, it is not necessary to genotype an individual for all four SNPs in this region. To gain complete genetic coverage, only two SNPs are required.




The first GWA scan for asthma was published in 2007.44 It involved the genotyping of 317,000 genome-wide tag SNPs in a cohort of 2200 individuals, achieving approximately 79% coverage of common SNPs (MAF ≥ 5%), assuming an r2 of 0.8 (where r2 is a measure of the extent of LD between genotyped and un-genotyped markers). More than half of all markers that were significant at a 1% FDR threshold were located in a single locus on chromosome 17q21. This locus was found to possess cis-acting regulatory potential; in other words, it has the potential to moderate the activity of genes positioned in close proximity to it. Loci that operate on genes located distally, even on different chromosomes, are referred to as trans-acting. The 17q21 locus was initially observed to modulate the expression of ORMDL3 (Orosomucoid-1-like `3); an endoplasmic reticulum (ER)–based transmembrane protein involved in calcium signaling, cellular stress, and sphingolipid homeostasis.45,46 The locus has since been shown to additionally regulate the expression of two other proximal genes—ZPBP2 and GSDMB—in an allele-specific manner, achieving domain-wide cis-regulation through chromatin remodeling (specifically changes in insulator protein CTCF binding and nucleosome occupancy).47 Contrary to a large proportion of early linkage and candidate gene association data, the relationship between 17q21 genotypes and asthma appears to be very robust, and a high level of replication across a diverse range of populations has been reported.48-55 These studies have also shown that the 17q21 association may be driven by a subset of cases with early disease onset,49 and both subject to environmental influences (early exposure to environmental tobacco smoke)49 and capable of calibrating environmental influence (amplifying the association between early respiratory infections and asthma).56


Since the publication of this first asthma GWA study in 2007, 14 additional screens have been published investigating not only the genetic etiology of asthma57-62 but also a diverse array of related quantitative traits,63-69 e.g. FEV1. The most recent and largest of these screens included over 10,000 cases and 16,000 controls (all of whom were matched for ancestry), resulting in the generation of approximately 15 billion genotypes for analysis and the identification of 7 loci of genome-wide significance.62 This represents an unprecedented leap forward in our understanding of disease biology, enabling the identification of more genes involved in the etiology of asthma within a single study than it has been possible to achieve in fourteen years of positional cloning. The results of all the GWA studies detailing the 33 loci identified are outlined in Table 2-2. With the exception of DPP10, none of the genes previously identified by the positional cloning approach for asthma have been found by the GWA studies. These positionally cloned genes have, however, replicated successfully across a number of prior focused experiments. This failure, therefore, by GWA to reaffirm their involvement is not necessarily an indication of error, but likely a reflection of differences in the types of effect amenable to detection via these two contrasting techniques as well as the phenotypes (traits) examined by the two methods.




Table 2-2 Summary of Genome-Wide Association (GWA) Findings for Asthma and its Related Traits (as of October 1, 2010)


[image: image]




A small number of the observed GWA effects confirm previously equivocal candidate genes, for example the alpha polypeptide of the Fc fragment of the high-affinity IgE receptor (FCER1A) association with total serum Immunoglobulin E (IgE). Others highlight distinct components of common biological pathways (e.g., Interleukin [IL]33 and its receptor IL1RL1) or identify alternative members of previously implicated gene families to be of importance in disease etiology. An example of the latter is a GWA analysis of an FEV1/FVC phenotype (the proportion of the forced vital capacity exhaled in the first second of expiration, which acts as an index of airway obstruction that controls for restrictive lung disease) that identified a significant association with variants in the gene encoding ADAM metallopeptidase domain 19 (ADAM19).67ADAM19 is a member of the same gene family as ADAM33—a gene positionally cloned for asthma in 2002.34 Both these genes are expressed in the human lung, with ADAM19 localized to the apical part of the epithelium and ADAM33 to the basal epithelial cells.70 The genes have similar functional effects on integrin-mediated cell migration.71 The remainder of the GWA findings for asthma relate to novel factors located in previously unsuspected genes or functional non-coding regions.


In some instances, more than one disease-specific screen has implicated the same locus. The 17q21 site including the gene ORMDL3 has shown association not only for asthma but also total leukocyte cell count phenotypes. Interestingly, a GWA study for ulcerative colitis, a chronic disease involving inflammation of the gut epithelium, also found association with the chromosome 17q21 site.72 The concordance between these GWA studies for the 17q21 locus indicates that the site may form an integral part of the inflammatory response, most notably within epithelial tissues. Consistent with this hypothesis, ORMDL3 appears to be expressed across a broad range of immune tissues including peripheral blood leukocytes, bone marrow and lymph nodes, as well as several epithelial disease-relevant tissues including the lung and colon.72 Experimental modulation of ORMDL3 expression in epithelial cells has been shown to produce downstream effects on the ER stress–induced unfolded protein response (UPR),72 a mechanism of attenuating endogenous sources of cellular stress resulting from the accumulation of misfolded proteins in the ER, and a signaling pathway of relevance to the normal functioning of the mammalian immune system.73


As may be predicted by the CDCV theory, the asthma loci identified through GWA are characteristically of high frequency and low magnitude. The risk allele for the 17q21 marker most significantly associated with disease is present in 62% of asthmatics and 52% of non-asthmatics. Although genotypes at this site explain a large proportion of variance in gene expression phenotypes (29.5% of the variance in ORMDL3 expression in lymphoblastoid cell lines),44 the effect size for asthma is relatively small (an odds ratio of 1.45 in the original study44 and 1.44 in a subsequent meta-analysis of nine populations74). Similarly, protective minor alleles in the asthma-associated gene PDE4D (Phosphodiesterase 4D, cAMP-specific, a modulator of smooth muscle contractility) yield an odds ratio of just 0.85 in Caucasian and Hispanic populations, and are present in approximately 28% of affected and 32% of unaffected individuals.58 Consistent with these observations, the most highly powered GWA study of asthma to date recorded odds ratios ranging from just 0.76 to 1.26 for the seven disease loci identified. 62 Together these data suggest that GWA represents a productive tool for the identification of novel, common, low-magnitude effects involved in the etiology of multifactorial disease, but that collectively these factors are unlikely to account for the full heritability of asthma.









Missing Heritability


While GWA studies have led to the identification of numerous previously unrecognized factors involved in the etiology of asthma, these factors are of only moderate effect size, leaving a large proportion of disease heritability as yet unaccounted for. Clues as to the source(s) of this so-called “missing heritability” can be gleaned from direct comparisons between linkage and genome-wide association data. Several replicated linkage peaks show a complete absence of overlap with existing GWA data (e.g., the asthma susceptibility locus on human chromosome 19q13).75-77 This is not only true of asthma, but also the majority of so-called complex traits. Simultaneous application of both linkage and GWA methods to large overlapping obesity cohorts recently demonstrated a complete lack of co-incidence between regions of linkage and association.78 One reason for this may lie in the “common disease common variant” premise. GWA studies are typically powered to detect common effects of low magnitude. Coverage is calculated as the proportion of known variants (e.g., in the HapMap database) with a minor allele frequency above 5% captured at an r2 of 0.8. Power rapidly declines when the degree of Linkage Disequilibrium (LD) between genotyped and un-genotyped variants decreases. Rare variants and situations of allelic heterogeneity are therefore not adequately captured by existing GWA strategies.


Allelic heterogeneity is a phenomenon whereby multiple disease-causing variants exist at the same locus. Sites harboring numerous individually rare, highly penetrant alleles of large effect are more amenable to detection via linkage (since these variants still lie within in the same region) rather than association (in which the signal may be diluted by alternative disease-causing variants exhibiting different levels of LD with the genotyped marker). There are now known cases of rare, highly penetrant alleles contributing to common diseases (e.g., the 16p11.2 deletions that occur in ~ 0.5% of children with severe early-onset obesity)79 and well-described cases of allelic heterogeneity (e.g., the broad spectrum of disease-causing variants in the filaggrin [FLG] gene located within the 1q21 linkage peak for atopic dermatitis, a chronic inflammatory disease of the skin).80


The FLG gene has been shown to harbor an array of both prevalent and rare variants, including two loss-of-function alleles with odds ratios between 2.8 and 13.481 and a population attributable risk of around 11%.82 The FLG mutations were identified via an exon resequencing strategy in a series of kindreds segregating for a related monogenic disease, Ichthyosis vulgaris, also known to exhibit linkage to chromosome 1q21.


Similar phenomena including situations of allelic heterogeneity and/or multiple rare allele genetic risk composition may as yet be found to contribute toward the pathophysiology of asthma. Indeed there is some evidence that the FLG loss of function alleles associate with asthma in the presence of AD. Recently developed “next generation” sequencing technologies that provide unprecedented depths and speeds of DNA sequence analysis will undoubtedly assist in answering this question (www.illumina.com/technology/sequencing_technology.ilmn and www.genome-sequencing.com/).









Heritable and Genetic are not Interchangeable Terms


Another potential explanation for the so-called “missing heritability” is the erroneous assumption that all sources of heritability must be genetic in origin. Estimates of heritability represent an amalgam of factors that can be transmitted down the germ line. Genetic sources of causation cannot be effectively separated from gene × environment interactions and epigenetic sources of heritability in standard twin study designs. As such, it remains feasible that residual heritability can be accounted for, at least in part by epigenetic factors and interactions between alleles and environments. The latter may vary between populations, depending on the prevailing environmental milieu and allele frequencies.


The term epigenetic refers to sources of inter-individual variation that can be transmitted down the germ line but is not due to change in the underlying DNA sequence. This includes DNA methylation; addition of a methyl group to the 5’ carbon of cytosine residues, typically at CpG (Cytosine-phosphate-Guanine) dinucleotides, and various modifications of histones (e.g., methylation, acetylation, phosphorylation, ubiquitination, sumoylation, citrullination, and ADP-ribosylation); histones being the scaffold around which DNA is wound. Evidence suggests that these epigenetic marks may be environmentally malleable,83 tissue specific,83,84 subject to influences such as age83–85 and sex,84,85 and capable of maintenance across both the lifespan and across generations.


The role of DNA methylation in asthma has not yet been systematically explored in humans on a genome-wide basis. A number of small-scale focused studies have produced evidence consistent with environmentally determined patterns of DNA methylation. For example, a study following transplacental exposure to traffic-related polycyclic aromatic hydrocarbons identified individual loci at which the extent of methylation appears to associate with disease.86 Likewise, a recent genome-wide survey of DNA methylation in a model organism (the mouse) revealed an array of sites at which the extent of DNA methylation was (a) subject to environmental influence, exhibiting a consistent relationship with the availability of methyl donors in the prenatal maternal diet, (b) correlated with gene transcription, (c) associated with various asthma-related traits in the offspring including airway hyperreactivity, serum IgE and lung lavage eosinophilia, and (d) demonstrated a trans-generational pattern of inheritance.87


Histone modifiers, in particular histone acetyltransferases (HAT) and deacetylases (HDAC), are also thought to play a role in the pathogenesis of asthma. HATs and HDACs are classes of enzyme that selectively add (acetylate) or remove (deacetylate) acetyl groups from conserved lysine amino acids in core histone proteins. Thus they dynamically control gene expression by altering the potential for histones to bind DNA. These antagonistic enzymes have been implicated in a variety of different processes from cell survival and proliferation to DNA repair and gene transcription.88,89 Both their expression and activity have been found to differ in asthma90 as well as chronic obstructive pulmonary disease (COPD),91 another inflammatory disease of the lung.


Together these data suggest that epigenetic effects have the potential to contribute toward the etiology of asthma. Further systematic surveys will be required in order to specify the extent of this contribution; both in terms of the number and type of contributory loci, and proportion of phenotypic variance accounted for. Such approaches have already begun to be applied to a small number of alternative common, non-Mendelian diseases. A recent genome-wide scan for differential CpG methylation in diabetes mellitus, for example, identified a small number of both novel and known loci (i.e., loci overlapping with previously defined genetic susceptibility sites) that associate with presence or absence of diabetic nephropathy, which is a serious complication. The most significant of these sites achieved a P-value of 3.27 × 10-6, and an odds ratio of just 1.88. This is an effect of comparable proportions to previously documented genetic factors.









Environments: an Additional Layer of Complexity


Like epigenetic effects, current estimates of heritability also include interactions between genetic factors (G) and environments (E). These interactions are commonly referred to as Gene × Environment (G×E) interactions, but in reality they are not limited to genes but include sequence variants located in any portion of the genome (e.g., promoters, transcription factor binding sites, transcriptional enhancers). These sources of heritability have been extensively studied in asthma using a candidate gene approach. They have primarily focused on genes and variants already implicated in disease and identified through alternative techniques (positional cloning), or based on existing knowledge of gene or variant functionality (i.e., involvement in phenotypically relevant biological pathways such as pathogen detection or antimicrobial response). A small number of significant interactions have been observed. These include interactions between TNF genotypes and ozone exposure in childhood asthma and wheeze, and interactions between microbial exposure and variants in innate immunity genes (in particular CD14 and the toll-like receptors TLR4 and TLR2) in the determination of atopy phenotypes (e.g., serum IgE, eczema, and allergic sensitization) (reviewed by Vercelli 92).


Since the majority of genes studied to date as potential sources of G×E in asthma were initially pursued following direct evidence of gene involvement, these results do not provide original information regarding new genetic risk factors. Instead they allow a redistribution of heritability between G and G×E. As yet there has been no systematic genome-wide association analysis of G×E in humans, although supplementary analyses of loci implicated by direct (G only) GWA indicate that a proportion of these sites may be subject to environmental moderation.49 A recent unguided analysis of G×E effects in mice showed that, depending on the specific type of interaction occurring, a proportion of G×E effects may prove undetectable when G×E interaction is ignored.93 As such, studies powered to detect effects of G alone may not be capable of identifying the full complement of latent G×E interactions. Consistent with this, a recent genome-wide G×E linkage analysis for asthma resulted in the identification of several previously unsuspected genomic sites, all of which proved undetectable in the same dataset when the interaction term (early life passive smoke exposure) was not included in the analysis.94 (See Chapter 3 for a further discussion of G×E interactions in the context of the lung.)









Implications for the Heritability of Asthma


Since the first genome-wide association of asthma was published three years ago, there has been a rapid and dramatic shift in our concepts of disease causation and the factors underlying it. Until recently, the most productive approach toward disease gene identification was positional cloning, a technique that interrogated the entire genome (using a relatively sparse marker set) for regions of disease and marker co-transmission in families. This approach was highly successful for Mendelian traits such as cystic fibrosis, but has been less productive in the field of multifactorial (complex) traits. The positional cloning technique did nonetheless result in the identification of six genes contributing toward the etiology of asthma. These genes, however, were only found to explain a relatively small proportion of the total disease heritability, leaving the source (or sources) of residual heritability unknown. Founded on the premise that common diseases are likely to be caused by common alleles, the research emphasis has now shifted from genome-wide linkage to genome-wide association, using dense haplotype tagging marker panels containing many hundreds of thousands of markers to effectively capture virtually all common variation in the human genome.


Since the first genome-wide association study for asthma in 2007, the approach has been applied to asthma or asthma-related traits a total of 14 times, and has led to the identification of more than 30 disease-relevant loci; almost all of which have been successfully resolved to individual genes (Figure 2-2). Like positionally cloned genes however, these loci appear to exert relatively small effects.





[image: image]

Figure 2-2 Publication of genome-wide association studies of asthma and related traits from 2007 to October 2010.




The origin(s) of missing heritability has become a topic of considerable interest and debate. In this chapter, we have discussed several possible sources, including rare variants, situations of allelic heterogeneity, epigenetic effects, and G×E interactions. Systematic exploration of these sources is now required in order to determine their relative contribution to phenotypic variance, with the ultimate aim of specifying factors of sufficient size and penetrance to offer predictive or prognostic value in a clinical setting. Similar approaches (including GWA) may now usefully be applied to Mendelian traits such as cystic fibrosis in order to support the identification of cryptic modifier loci (altering disease progression or clinical presentation). Indeed the CF Modifier Gene Consortium has now completed a GWA study of CF, and the results will be available soon. Thus the genetic analysis of heritable chronic lung disease traits has come full circle, with techniques that were originally developed for exploration of multifactorial traits and diseases now being applied to single gene disorders for identification of new contributory factors including so-called gene modifiers.
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3 Gene by Environment Interaction in Respiratory Diseases




Chih-Mei Chen, Michael Kabesch, MD









The definition of gene by environment interaction


In recent years, the term gene by environment interaction has become popular, but the meaning of the term varies considerably in different disciplines. When clinicians talk to statisticians and biologists, all may have their own view on gene by environment interactions. Gene by environment interactions need to be assessed by statisticians in large datasets, but they need to be proven experimentally in biological settings (e.g., by manipulating the presence of an environmental factor). Gene by environment interactions are only of clinical importance when they affect medicine and clinical practice. It is also important to note that the effect of gene by environment interaction may change with the age of the study subject. Environmental stimuli start to affect our health in utero. Throughout life, humans are exposed to different levels of environmental stimuli. Some exposures may have long-term effects (and the timing of the exposure is crucial for the effect size), while others may only cause strong short-term reactions (Figure 3–1).





[image: image]

Figure 3-1 An asthma phenotype may result from an interaction between strong genetic and environmental effects independent of the timing of these effects (A). However, contrary genetic predisposition and environmental factors may oppose each other, leading to no clinical expression of disease. Asthma may also result from strong environmental factors in the absence of a strong genetic predisposition (B). Weak genetic susceptibility and relatively mild environmental risk may still lead to an asthma phenotype when risk occurs at a vulnerable time for disease development (e.g., the first year of life) (C).


(From Kabesch M. Gene by environment interactions and the development of asthma and allergy. Toxicol Lett. 2006;162(1):43–48.) Used with permission.





In general, gene by environment interaction indicates some sort of interplay between genetic and environmental factors. The term may be misused in situations in which several independent risk factors (including genetic and environmental) contribute to the development or worsening of the diseases (so called complex or multifactorial diseases), while the dependence between these factors was not evaluated statistically or biologically.1


A statistical interaction is established only when the effect of one disease risk factor depends on another risk factor. A simple example is the interaction between the genetically determined expression of a detoxifying enzyme and the exposure to a toxic substance (environmental factor) on the occurrence of a disease. Disease will occur only when both factors are present. In epidemiology, the term effect modification is also commonly used to denote the existence of statistical interaction. When there is no interaction, the effects of each risk factor are consistent across the level of the other risk factor. Statistical interaction (or heterogeneity of effects) is usually defined as “departure from additivity of effects” as effects are not independent. In other words, the effect of a genetic risk factor is “multiplied” by the presence of an additional environmental risk factor. If the two risk factors are independent, they only “add up” but do not multiply. A simple example is shown in Table 3–1. It is helpful to draw such a table if one is to judge the presence of (claimed) gene by environment interaction. If combined effects are not multiplicative (but additive), gene by environment interaction is not present.




Table 3-1 Relative Risks (RR) for Examples of Additive and Multiplicative Models of Environmental and Genetic Risk Factor Interactions


[image: image]




As indicated in an excellent review by Dempfle and colleagues,1 interactions can be divided into removable and nonremovable types (Figure 3–2). An interaction is removable if a monotone transformation (e.g., taking logarithms or square roots of quantitative phenotypes) exists that removes the interaction. This implies that there is an additive relationship between the variables, just on a different scale. Therefore, nonremovable interactions are usually of greater interest. Nonremovable interaction effects are also called crossover effects or qualitative interactions (as opposed to quantitative, removable interactions).1





[image: image]

Figure 3-2 Examples of main and interaction effects. Phenotypic values depending on genotype G (two groups, e.g., under a dominant genetic model) and exposure E (also two groups, exposed [yellow line] and unexposed [blue line]). (A) Neither G nor E have a main effect and there is no interaction; (B) G has a main effect, E has no main effect, and there is no interaction; (C) E has a main effect, G has no main effect, and there is no interaction; (D) both G and E have main effects, and there is no interaction; (E) G and E have main effects, and there is an interaction (which can be removed by changing the phenotype scale, e.g., to a logarithmic scale); (F) G and E have main effects, and there is an interaction (which cannot be removed by any monotone transformation).


(From Dempfle A, Scherag A, Hein R, et al. Gene-environment interactions for complex traits: definitions, methodological requirements and challenges. Eur J Hum Genet. 2008;16: 1164–1172. Used with permission.)





Confounding needs to be distinguished from interaction. Confounding refers to a mix of effects where a risk factor leads to a noncausative association. In gene by environment interactions, this relates to a correlation between genetic and environmental effects, which could be misinterpreted as interaction. This could be the case in a population with population stratification where unknowingly different ethnic groups are included in one study population and genetic as well as environmental factors depend on ethnicity.


Biological interaction is defined as the joint effect of two factors that act together in a direct physical or chemical reaction and the co-participation of two or more factors in the same casual mechanism of disease development.1 In other words, genetic and environmental factors are acting directly on the same pathway. A gene by environment interaction can only be firmly ascertained when it is confirmed both statistically and biologically.2 An observed statistical interaction does not necessarily imply interaction on the biological or mechanistic level.


In a statistical test, there is always the possibility of a false-positive finding or type I error (denoted as α). In studies of genetic effects on a specific health endpoint, it is common for numerous genetic loci to be considered simultaneously, especially in the case of genome-wide association studies. In these cases, statistical tests are used repeatedly, which results in multiple comparisons and an increase in type I errors. Nowadays, corrections for multiple testing are commonly applied in genetic studies, however there is still the possibility that the observed associations were random. Therefore, it is crucial to establish the biological plausibility and clinical relevance of the positive finding. A priori knowledge of biological interaction can facilitate the investigation of gene by environment interaction because correction of multiple testing strongly reduces the power. The power of statistical analysis also decreases with discrete outcomes. Therefore, unnecessary categorization or using cut-off values should be avoided.


On the other hand, when an empirical gene by environment interaction is indicated (e.g., the association between exposure to certain carcinogens and the risk of disease development seems to be restricted to the subpopulation having the dysfunctional alleles), the observed interactions also need to be tested statistically to confirm whether the gene by environment interaction exists and the magnitude of it.


In this chapter, we will focus on asthma to illustrate how to investigate the effects of gene by environment interaction and how to interpret the clinical values, as most data on interactions in childhood respiratory diseases are available in that field.









Gene by environment interaction in asthma


Asthma is a complex syndrome, and no standard method can be used to identify the disease with certainty. Based on a large-scale international study—the International Study on Asthma and Allergy in Childhood (ISAAC)—the prevalence of asthma symptoms in 13- to 14-year-olds reached 31% in the United Kingdom and 17.5% in Germany in 2003.3 Observational and interventional studies demonstrated that the development of asthma is a result of multiple genetic and environmental factors.4,5 Family history is a long-established risk factor for asthma development with a positive predictive value ranging from 11% to 37% between different study populations, which underlines the importance of genetics in asthma etiology.6 However, genetic variation does not fully explain asthma pathogenesis or epidemiologic findings. Numerous environmental factors have been examined in epidemiologic and experimental studies, including domestic and occupational chemical and microbiological exposure, diet, and lifestyle in general. However, no conclusive explanation was found for the development of asthma caused by environmental factors alone, and prevention strategies based on epidemiologic association findings are still lacking. Instead, genetic as well as environmental factors contribute to the complex disease as shown by segregation analyses.7 In recent years, studies have attempted to investigate if gene by environment interaction effects truly exist in asthma, and thus better understand the development and course of the disease.









Environmental tobacco smoke


Negative effects of environmental (passive) tobacco smoke (ETS) exposure on children’s health are well documented. For asthma, ETS exposure is the single most prominent environmental risk factor for the development of childhood asthma worldwide.8 Smoking during pregnancy and exposure to tobacco smoke in the home reduces children’s lung function and increases the lifelong risk of asthma.9 Tobacco smoke contains over 4000 chemical compounds, which include about 50 to 60 carcinogens, several mutagens, and many irritating or toxic substances. It has been noted that susceptibility to ETS exposure varies between individuals, thus a genetic component is suspected.


Genes may exist that increase the susceptibility to develop asthma specifically in the presence of tobacco smoke exposure.10 Linkage studies that took smoking and passive smoking status into account differed significantly in their results from unstratified analyses. It was noted that some chromosomal regions that showed strong linkage with asthma and bronchial hyperresponsiveness (e.g., 1p, 3p, 5q, 9q) may harbour genes that exert their effects, mainly in combination with ETS exposure.11,12 However, other linkage peaks for asthma or other allergic diseases seem not to be influenced by passive smoke exposure status. Thus, it may be speculated that a gene by environment interaction between passive smoking and genetic susceptibility may be causally involved in the development of asthma in some but not all children with asthma. Genes responsible for these linkage peaks in combination with ETS exposure have not yet been identified by positional cloning.


In addition to this systematic approach, specific candidate genes (selected by their putative function to be involved in a gene by environment interaction with ETS) have been investigated. Glutathione S-transferase genes (GST) are likely candidates as they contribute to biotransformation of xenobiotics and protection against oxidative stress.13 GST enzymes, which are divided into classes such as alpha (A), mu (M), pi (P), and theta (T), may thus play a role in the detoxification of components found in passive (and active) smoke and also in the detoxification of other air pollutants. Conversely, genetic variations of GST can change an individual’s susceptibility to carcinogens and toxins as well as affect the toxicity and efficacy of certain drugs. For GST classes T1 and M1, common gene deletions leading to a complete absence of the respective enzymes have been described. Approximately 50% of the Caucasian population show a deletion of GSTM1, and 15% to 20% show a deletion of GSTT1. In GSTP1, polymorphisms putatively influencing gene function and expression were detected.


It has been suggested that GSTM1-deficient children may have impaired lung growth in general.14,15 The effect of genetic alterations in the GST system and smoke exposure on lung function seems not to be limited to childhood but may well extend into later life. Also, adult smokers with GSTT1 deficiency were shown to have a faster decline in lung function than those with functional GSTT1 enzymes.16 In the same study, carriers of the GSTP1 allele 105Val showed lower lung function values, but an interaction between smoking and GSTP1 polymorphisms was not observed in this study or other studies.


In a study of more than 3000 children, the interaction of the genetically determined deficiency of the GST isoenzymes mu (GSTM1) and theta (GSTT1) with in utero and current ETS exposure was investigated specifically to assess gene by environment interaction models.17 When ETS exposure was not included in the analysis, neither GSTM1 nor GSTT1 deficiency had an effect on the development of asthma. In children lacking GSTM1 who were exposed to current ETS, the risk for asthma and asthma symptoms was significantly elevated compared to GSTM1-positive individuals without ETS exposure. In utero smoke exposure in GSTT1-deficient children was associated with significant decrements in lung function compared to GSTT1-positive children who were not exposed to ETS. These findings indicate that environmental exposure to toxic substances is necessary to unravel the effect of genetically determined deficiencies in GST-dependent detoxification processes. Interaction models showed an overall trend for a positive interaction effect, above the expected multiplicative interaction between GSTM1 and GSTT1 deficiency or ETS exposure alone.


Experimental data support the observations from population genetics: In the lung tissue of GSTM1-deficient individuals, higher levels of aromatic DNA adducts have been found,19 and cytogenetic damage to lung cells caused by smoke exposure increases with GSTM1 deficiency.20 This indicates an increased damage to DNA and the destruction of tissue due to diminished GSTM1 function. Also, GSTT1-negative individuals showed significantly higher levels of DNA damage than GSTT1-positive individuals in experimental in vitro settings.21 Furthermore, recent data indicate that GSTM1 may modify the adjuvant effect of diesel exhaust particles on allergic inflammation.22 These observations may help to explain why GST deficiency seems to exert a stronger effect on atopic asthma than on non-atopic asthma in population genetic studies.17,23 Furthermore, a dosage effect for GSTT1 and GSTM1 alleles on the occurrence of atopic asthma was observed.24 Studies have also investigated how polymorphisms of oxidative stress pathway–associated genes modify the effect of exposure to ETS on asthma; further evidence is needed to confirm the positive results observed in some of these studies.25


The modifying effects of genes involved in innate immune pathways on the association between ETS and asthma were also investigated because endotoxin is one component of cigarette smoke. Several genes were studied as potential effect modifiers, including CD14, IL-10, IL-13, and IL-1 receptor antagonist (IL-1RA), however, it is too early to draw any conclusions.5,25









Air pollution and oxidative stress response pathways


Previous studies showed that air pollutants, especially ozone and fine particles, are associated with the exacerbation of asthma symptoms.26,27 A recent review assessing evidence from prospective cohort studies concluded that exposure to traffic exhaust contributes to the development of respiratory symptoms in healthy children.28 Because oxidative stress was suggested as the major underlying mechanism of the toxic reactions induced by air pollutants,29 studies have investigated modifications of the effect of exposures to air pollution by common polymorphisms with known functions related to the oxidative stress response. As noted earlier in the chapter, the most commonly studied genes include Glutathione S-transferase M1 (GSTM1) and Glutathione S-transferase P1 (GSTP1). GSTP1 polymorphisms are expressed in the respiratory tract and are also associated with an individual’s susceptibility to oxidant defenses, xenobiotic metabolism, and detoxification of hydroperoxides. Studies from Mexico City showed that GSTM1 deficiency in children with a high level of ozone exposure increased the risk for asthma in an interactive manner.30 In addition, it was reported that children who were homozygous for the GSTP1 Ile105 allele and were exposed to high levels of air pollution in China had a significantly higher risk of developing asthma.31 While adverse effects of air pollutant exposures are mainly observed in individuals having a GSTM1-null genotype, evidence of the interaction effect between GSTP1 and exposures to air pollutants on respiratory diseases is not consistent.25









Microbial exposures and pattern recognition receptor


Microorganisms are ubiquitous in the environment, and there is a wide geographical variation of the quantities of different species and their compounds. Recent research has linked different levels of microbial exposures to asthma in support of the hygiene hypothesis. It was observed that children who were born in farm environments and continued to spend their early childhood in such environments had a lower risk of developing allergic respiratory diseases.32,33 One of the major characteristics of the farm environment is the high level of microbial exposure. The effects of exposures to endotoxin, a constituent of the outer membrane of Gram-negative bacteria, were studied both in farm environments as well as inner-city homes. Studies investigating the effect of endotoxin exposure on asthma and allergy, however, do not always reproduce the protective effect observed in farm studies.34 So far, it remains uncertain as to whether the protective effect observed in children from a farm environment was caused by exposure to one specific agent or exposures to an extensive variety of microbes.


Pattern recognition receptors identify pathogen-associated molecular patterns as part of the innate immune defense system. Toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD)1 and NOD2, and CD14 are the most prominent examples of human pattern recognition receptors. CD14, a receptor molecule involved in the recognition of bacterial cell wall components (e.g., endotoxin) was the first to be studied in the context of environmental exposure. A promoter polymorphism was associated with serum levels of soluble CD14 protein in some studies and phenotypes of allergy in others. The CD14 polymorphism, which was identified in the promoter region of the gene, alters CD14 gene expression in vitro. Intriguingly, its effect seems to be dependent on the level of microbial exposure. This first was suggested by Donata Vercelli in her “endotoxin-switch theory”35 and later was shown by association studies.36,37 These data indicated that a polymorphism in the CD14 promoter modified IgE levels, depending on endotoxin load (which were measured in the children’s mattresses as an indicator of microbial exposure). In farmer36 and non-farmer37 populations of children exposed to high levels of endotoxin, the polymorphic C allele is associated with lower IgE levels36 and less allergy.37 An opposite association is seen in individuals who are exposed to low endotoxin levels. However, the results are not consistent in the direction of the effect,25,34 which may be caused by high variability of environment exposure levels and small sample sizes.


Genetic variations in TLRs may also predispose to allergies and asthma. In farm children (but not those growing up in rural environments without farm exposure), a polymorphism in the TLR2 promoter significantly modified the risk for developing allergic sensitization, hay fever, and asthma.38 However, these data are derived from a subgroup analysis, and the prevalence of asthma and other atopic diseases is extremely low in farm children. Therefore, these data must be viewed as preliminary until they are replicated in an independent population with similar exposure characteristics showing the same direction of association.









Genome-wide interaction studies (GWIS)


In 2007, the first genome-wide association study on asthma was published, and many more of these studies followed. In these studies, hundreds of thousands of common polymorphisms are genotyped per individual covering large areas of the genome. These data can be the basis for genome-wide interaction studies in which a systematic approach on gene by environment interaction analysis can be performed. A first study of this kind was published. It focused on genome by farming effect interaction,39 and further studies on genome by smoking (active and passive smoke exposure) are in progress. In the first published GWIS, none of the previous suggested polymorphisms in candidate genes for genome by farming (or microbial) exposure interaction effects were found to be significant. However, a number of rare variants in genes so far unrelated to asthma were identified to show gene by environment interaction with farm exposure. Replication of GWIS as well as identification of biological plausibility for the statistical interactions need to be established before conclusions are possible.









Epigenetics: genetic and environmental factors


Epigenetics describes the fact that environmental factors can imprint on DNA without changing the nucleotide sequence of the genome by modifying the tertiary structure of DNA. A variety of molecular mechanisms are involved in epigenetic regulation, including posttranscriptional histone modifications, histone variants, ATP-dependent chromatin remodeling complexes, polycomb/trithorax protein complexes, small and other non-coding RNAs (siRNA and miRNAs), and DNA methylation. Epigenetic mechanisms seem to be important in cancer development, but very little is known about these effects in complex diseases such as asthma. Epigenetic studies in asthma are still at a very early stage. It would be surprising if epigenetic regulation was not involved in the development of asthma, which is driven by environmental as well as genetic susceptibility factors. However, existing epigenetic data is sparse, and to study epigenetics in asthma is a daunting task for the future.40 Table 3–2 provides an overview on environmental factors related to asthma that may influence the mechanisms and genes involved in its development.




Table 3-2 Environmental Factors that have Been Reported to Influence Asthma and Evidence for Consequences at the Level of Epigenetic Modifications Induced by the Same Environmental Factors
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Conclusion


Based on previous research, there are reasons to believe that many genetic and environmental factors interact to cause asthma. However, genetic studies have generally ignored environmental factors, and environmental studies have generally ignored genetics. Thus, there are relatively few examples of specific gene by environment interactions in relation to asthma. Genetic studies assuming equal environmental exposure lead to false-negative findings when the effect of the specific gene is small. Environmental studies neglecting the effect of genetics lead to inconsistency. One of the major difficulties in gene-related research is the lack of statistical power, which can only be overcome by international collaborations. Furthermore, environmental exposure measurements need to be standardized. For example, exposures to air pollutants may be measured by personal monitoring or stationary monitoring, which are hardly comparable. Finally, for complex diseases, the power of detecting gene by environment interactions can also be enhanced by better-defined health endpoints, a challenge for such a vague entity as asthma.


Thus, while there is good reason to believe that gene by environment interactions play a role in asthma and other respiratory diseases in childhood, the evidence for such interactions is still slim and controversial. However, further investigations into gene by environment interactions are valuable as they could provide insight into mechanisms leading to asthma development and open the door for personalized medicine and true prevention of respiratory diseases in childhood.
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4 The Surfactant System




Paul Kingma, MD, PhD, Alan H. Jobe, MD, PhD





Pulmonary surfactant is a complex substance with multiple functions in the microenvironments of the alveoli and small airways.1 The traditional functions of surfactant are biophysical activities to keep the lungs open, to decrease the work of breathing, and to prevent alveolar edema. Most of the components of surfactant also contribute to innate host defenses and injury responses of the lung. Surfactant deficiency states occur with prematurity and with severe lung injury syndromes. Recent studies in humans and in mice are defining an expanding number of genetic and metabolic abnormalities that disrupt surfactant and cause lung diseases that range from lethal respiratory failure at birth to chronic interstitial lung disease in later life. This chapter summarizes those aspects of surfactant biology that are relevant to children.






Surfactant composition






Metabolism


Surfactant recovered from lungs by bronchoalveolar lavage contains about 80% phospholipids, about 8% protein, and about 8% neutral lipids, primarily cholesterol (Figure 4-1).2 The phosphatidylcholine species of the phospholipids contribute about 70% by weight to surfactant. The phospholipids in surfactant are unique relative to the lipid composition of lung tissue or other organs. About 50% of the phosphatidylcholine species have two palmitic acids or other saturated fatty acids esterified to the glycerol-phosphorylcholine backbone, resulting in “saturated” phosphatidylcholine, which is the principal surface-active component of surfactant. About 8% of surfactant is the acidic phospholipid phosphatidylglycerol. Surfactant from the immature fetus contains relatively large amounts of phosphatidylinositol, which then decreases as phosphatidylglycerol appears with lung maturity.3
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Figure 4-1 The composition of surfactant. Saturated phosphatidylcholines are the major components of alveolar surfactant. The proteins contribute about 8% to the weight of surfactant.




Four primary surfactant proteins have been identified: surfactant proteins A, B, C, and D.4,5 Initial analyses of these proteins suggested that the hydrophilic surfactant protein A (SP-A) and surfactant protein D (SP-D) are primarily involved in pulmonary innate immunity, whereas the hydrophobic surfactant protein B (SP-B) and surfactant protein C (SP-C) facilitate surfactant lipid physiology. However, we now know that the surfactant proteins often cross these lines of functional classification.


SP-A and SP-D are members of the collectin family of innate defense proteins. Collectins are defined by four structural domains shared by all family members: a short amino-terminal cross-linking domain, a triple helical collagenous domain, a neck domain, and a carbohydrate recognition (CRD) domain.4-8 Three neck domains combine and facilitate the formation of a collagen-like triple helix that then aggregates to form larger multimers of the collectin trimer. SP-A is a 24-kd monomer that further assembles to a bouquet of six trimers with a molecular size of 650 kd.9-11 SP-A is encoded by two genes (Sftpa) located within a “collectin locus” on the long arm of chromosome 10 that also includes the genes for SP-D (Sftpd) and mannose binding protein.12 In humans, SP-A synthesis begins during the second trimester of gestation and occurs primarily in the alveolar type II epithelial cells, Clara cells, and in cells of tracheobronchial glands. SP-A is required for the formation of tubular myelin and has several roles in pulmonary host defense.


SP-D is a 43-kd hydrophilic collectin with a monomer structure that is similar to SP-A, although the collagen domain of SP-D is much longer.11,13 Structural studies demonstrate that SP-D trimers further combine into larger multimeric complexes through N-terminal interactions that are stabilized by disulfide bonds.6,10,14 Although larger, more complex forms have been identified, SP-D exists predominately as a tetramer of trimeric subunits (dodecamer) assembled into a cruciform. SP-D is synthesized by type II cells and by Clara cells, as well as other epithelial cells. Like the other surfactant proteins, SP-D expression is developmentally regulated and induced by glucocorticoids and inflammation.15 In addition to the complex roles of SP-D in pulmonary host defense, SP-D also influences surfactant structure and is required for surfactant reuptake and the regulation of pulmonary surfactant pool sizes.16,17


SP-B is a small hydrophobic protein that contributes about 2% to the surfactant mass.1,4 The SP-B gene is on human chromosome 2 and is expressed in a highly cell-specific manner. The primary translation product is 40 kd, but the protein is clipped within the type II cell to become an 8-kd protein prior to associating with phospholipids during the formation of lamellar bodies. SP-B facilitates surface absorption of lipids into the expanding alveolar surface film and enhances their stability during the movements of the respiratory cycle. A genetic lack of SP-B causes a loss of normal lamellar bodies in type II cells, a lack of mature SP-C, and the appearance of incompletely processed SP-C in the airspaces.18


The SP-C gene is located on chromosome 8, and its primary translation product is a 22-kd protein that is processed to an extremely hydrophobic 35 amino acid peptide rich in valine, leucine, and isoleucine.19 The SP-C gene is expressed in cells lining the developing airways from early gestation. With advancing lung maturation, SP-C gene expression becomes localized only to type II cells. SP-B and SP-C are packaged together into lamellar bodies and function cooperatively to optimize rapid adsorption and spreading of phospholipids. Surfactants prepared by organic solvent extraction of natural surfactants or from lung tissue contain SP-B and SP-C. Such surfactants are similar to natural surfactants when evaluated for in vitro surface properties or for function in vivo.












Surfactant metabolism and secretion


The synthesis and secretion of surfactant by the type II cell is a complex sequence that results in the release of lamellar bodies to the alveolus by exocytosis.20 Enzymes within the endoplasmic reticulum use glucose, phosphate, and fatty acids as substrates for phospholipid synthesis. The details of how the surfactant components condense with SP-B and SP-C to form the surfactant lipoprotein complex within lamellar bodies remain obscure. Ultrastructural abnormalities of type II cells in full-term infants with SP-B deficiency and ABCA3 deficiency indicate that these gene products are essential for lamellar body formation.21 A basal rate of surfactant secretion occurs continuously, and surfactant secretion can be stimulated by β-agonists and purines, or by lung distention and hyperventilation.


The alveolar pool size of surfactant is about 4 mg/kg in the adult human.22 The lung tissue of the adult human contains much more surfactant, and only about 7% of the surfactant lipids are in the secreted pool. The surfactant pool size per kilogram probably changes little with age after the newborn period. While no estimates exist for the full-term human, full-term animals have alveolar pool sizes of about 100 mg/kg, and this large pool decreases to adult values by about 1 week of age.23 The alveolar surfactant pool size in the adult (and presumably young child) is small relative to other mammalian species (e.g., about 30 mg/kg in adult sheep), which may make the human lung more susceptible to surfactant deficiency with lung injury. Infants with respiratory distress syndrome (RDS) have alveolar surfactant pool sizes of less than 5 mg/kg.


The kinetics of surfactant metabolism have been extensively studied in adult, term, and preterm animal models.24 In all species studied to date, including primates, the surfactant component synthesis to secretion interval is relatively long and the alveolar half-life of newly secreted surfactant is very long, on the order of 6 days in healthy newborn lambs.25 The surfactant components are recycled back into type II cells, and recycling is more efficient in newborn than adult animals.26 These observations have been validated by extensive studies in preterm and term humans using stable isotopes to label surfactant precursors or components.27 A limitation of the studies is the need to have an endotracheal tube in place to allow repetitive sampling of lung fluid. Depending on the labeled precursor, the time from synthesis to peak secretion ranged from 2 to 3 days, and the half-life for clearance was 2 to 4 days in preterm infants. Similar values were measured for term infants. In general, preterm or term infants with lung disease have surfactant with smaller pool sizes, less synthesis and secretion, and shorter half-life values. These measurements include term infants with pneumonia, meconium aspiration syndrome, and congenital diaphragmatic hernia. There are no measurements of surfactant metabolism for older children. In one report in normal adults using sputum samples, peak labeling of surfactant phosphatidylcholine occurred about 2 days after the labeled precursor was given, and the subsequent half-life was about 7 days.28 These studies demonstrate that replacement of endogenous surfactant pools is slow and alveolar pools turn over slowly.









Alveolar life cycle of surfactant


After secretion, surfactant goes through a series of form transitions in the airspace (Figure 4-2).20 The lamellar bodies unravel to form the elegant structure called tubular myelin. This lipoprotein array has SP-A at the corners of the lattice and requires at least SP-A, SP-B, and the phospholipids for its unique structure.29 Tubular myelin and other large surfactant lipoprotein structures are the reservoir in the fluid hypophase for the formation of the surface film within the alveolus and small airways. The hypophase is a very thin fluid layer covering the distal epithelium with a volume of about 0.5 mL/kg body weight that has a surfactant concentration of perhaps 10 mg/mL. New surfactant enters the surface film, and “used” surfactant leaves in the form of small vesicles. The surface-active tubular myelin contains SP-A, SP-B, and SP-C, while the biophysically inactive small vesicles that are recycled and catabolized contain very little protein. The total surfactant pool size is less than the amount of active surfactant because 30% to 50% of the alveolar phospholipids are in catabolic forms in the normal lung. Pulmonary edema and products of lung injury can accelerate form conversion and cause a depletion of the surface-active fraction of surfactant despite normal or high total surfactant pool sizes.30 Surfactant is catabolized primarily by type II cells and alveolar macrophages. Granulocyte-macrophage colony-stimulating factor deficiency prevents alveolar macrophages from catabolizing surfactant and results in the clinical syndrome of alveolar proteinosis.31 The important concept is that the alveolar pool of functional surfactant is maintained by dynamic metabolic processes that include secretion, reuptake, and resecretion balanced by catabolism.
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Figure 4-2 The alveolar life cycle of surfactant. Surfactant is secreted from lamellar bodies in type II cells. In the alveolar fluid lining layer, the surfactant transforms into tubular myelin and other surfactant protein–rich forms that facilitate surface adsorption. The lipids are catabolized as small vesicular forms by macrophages and type II cells and recycled by type II cells.











Surfactant function






Alveolar Stability


Alveoli are polygonal with flat surfaces and curvatures where the walls of adjacent alveoli intersect. Alveoli are interdependent in that their structure is determined by the shape and elasticity of neighboring alveolar walls. The forces acting on the pulmonary microstructure are chest wall elasticity, lung tissue elasticity, and surface tensions of the air-fluid interfaces of the small airways and alveoli. Although the surface tension of surfactant decreases with surface area compression and increases with surface area expansion, the surface area of an alveolus changes little with tidal breathing. The low surface tensions resulting from surfactant help to prevent alveolar collapse and keep interstitial fluid from flooding the alveoli. Surfactant also keeps small airways from filling with fluid and thus prevents the potentially ensuing luminal obstruction.32 If alveoli collapse or fill with fluid, the shape of adjacent alveoli will change, which can result in distortion, overdistention, or collapse. When positive pressure is applied to a surfactant-deficient lung, the more normal alveoli will tend to overexpand and the alveoli with inadequate surfactant will collapse, generating a nonhomogeneously inflated lung.









Pressure-Volume Curves


The static effects of surfactant on a surfactant-deficient lung are evident from the pressure-volume curve of the preterm lung (Figure 4-3). Preterm surfactant-deficient rabbit lungs do not begin to inflate until pressures exceed 20 cm H2O.33 The pressure needed to open a lung unit is related to the radius of curvature and surface tension of the meniscus of fluid in the airspace leading to the lung unit. The units with larger radii and lower surface tensions will “pop” open first because, with partial expansion, the radius increases and the forces needed to finish opening the unit decrease. Surfactant decreases the opening pressure from greater than 20 to 15 cm H2O, in this example, with preterm rabbit lungs. Because surfactant does not alter airway diameter, the decreased opening pressure results from surface adsorption of the surfactant to the fluid in the airways. The inflation is more uniform as more units open at lower pressures, resulting in less overdistention of the open units.
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Figure 4-3 The effect of surfactant treatment on surfactant-deficient lungs. These idealized pressure-volume curves illustrate the effect of surfactant treatment with natural sheep surfactant on the opening pressure, the maximal lung volume, and the deflation stability of lungs from preterm rabbits.


(Curves based on data from Rider ED, Jobe AH, Ikegami M, et al. Different ventilation strategies alter surfactant responses in preterm rabbits. J Appl Physiol. 1992;73:2089–2096.)





A particularly important effect of surfactant on the surfactant-deficient lung is the increase in maximal volume at maximal pressure. In this example, maximal volume at 30 cm H2O is increased over two times with surfactant treatment. Surfactant also stabilizes the lung on deflation. The surfactant-deficient lung collapses at low transpulmonary pressures, whereas the surfactant-treated lung retains about 30% of the lung volume on deflation. This retained volume is similar to the total volume of the surfactant-deficient lung at 30 cm H2O and demonstrates how surfactant treatments increase the functional residual capacity of the lung.












Host defense functions of surfactant


SP-A and SP-D are pattern recognition molecules that bind a variety of polysaccharides, phospholipids, and glycolipids on the surface of bacterial, viral, and fungal pathogens.4,5 SP-A and SP-D binding forms protein bridges between microbes that induce microbial aggregation and stimulate the recognition, uptake, and clearance of pathogens by host defense cells.34,35 Although binding and aggregation of infectious microbes is a critical feature of SP-A and SP-D physiology, these proteins also have more complex roles in host defense.


SP-A and SP-D have been implicated in the stimulation and inhibition of several immune pathways. Both SP-A and SP-D bind CD14 and inhibit lipopolysaccharide-induced expression of pro-inflammatory cytokines through CD14 and toll-like receptor 4.36-38 SP-A binds toll-like receptor 2 and inhibits pro-inflammatory cytokine release in response to peptidoglycan.39 Gardai and colleagues proposed a model by which SP-A and SP-D might stimulate or inhibit inflammation through the competing actions of signal regulating protein α (SIRPα) and calreticulin/CD91.40 Their model suggests that in the unbound state, the CRDs of SP-A or SP-D inhibit macrophage activation by binding to SIRPα, which inhibits activation of NFκB. In contrast, if the CRDs of SP-A or SP-D are occupied by a microbial ligand, binding to SIRPα is inhibited and instead the collectins bind to the macrophage-activating receptor, calreticulin/CD91, which turns on NFκB and subsequently induces pro-inflammatory mediator release and alveolar macrophage activation. SP-A also may contribute to adaptive immune responses. SP-A inhibits the maturation of dendritic cells in response to potent T-cell stimulators and enhances the endocytic ability of dendritic cells. In addition, SP-A downregulates lymphocyte activity and proliferation.41


The hydrophobic surfactant proteins SP-B and SP-C may also have host defense functions. Although SP-B can inhibit bacterial growth in vitro, overexpression of SP-B or reduced expression of SP-B in the lungs of mice does not alter bacterial clearance, suggesting that SP-B is not involved in innate host defense.42 However, elevated levels of SP-B in the lungs of endotoxin-exposed mice decrease pulmonary inflammation.43 Thus, SP-B may contribute to modulation of inflammation in the injured lung. SP-C binds lipopolysaccharide and blocks the production of tumor necrosis factor-α by macrophages.44 However, possible roles for SP-C in bacterial clearance or lung inflammation in vivo have not been evaluated.









Surfactant deficiency






The Preterm Infant with Respiratory Distress Syndrome


RDS in preterm infants is a condition of surfactant deficiency that initially does not include lung injury, unless antenatal infection complicates the lung disease.45 The surfactant system is normally mature by about 35 weeks’ gestation, but early appearance of surfactant and lung maturation is observed in infants delivered prematurely. Early maturation is thought to occur in response to fetal stress resulting in increased fetal cortisol levels, or by exposure of the fetal lung to inflammation as a result of chorioamnionitis.46 Maternal treatments with corticosteroids are routinely given to decrease the risk of RDS if delivery before 32 to 34 weeks gestation is anticipated.47 Induced lung maturation includes not only an induction of surfactant but also thinning of the mesenchyme, which increases lung gas volumes. Unless preterm infants have early lung maturation, they develop progressive respiratory distress from birth characterized by tachypnea, grunting, an increased work of breathing, and cyanosis. Infants who die from RDS have alveolar pool sizes of surfactant of less than 5 mg/kg. Although similar in amount to the surfactant recovered from healthy adult humans, surfactant from the preterm infant has decreased function, probably because it contains less of the surfactant proteins that are critical for biophysical function.48 The surfactant from the preterm infant also is more susceptible to inactivation by edema fluid, and the preterm lung is easily injured if a stable functional residual capacity (FRC) is not maintained, or if the lung is overstretched.












The injured mature lung


Acute respiratory distress syndrome (ARDS) describes an overwhelming inflammatory reaction within the pulmonary parenchyma leading to global lung dysfunction.49 ARDS is defined by acute onset, an oxygenation index less than 200 mm Hg, bilateral infiltrates on chest x-ray, and a pulmonary capillary wedge pressure of less than 18 mm Hg or absence of clinical evidence for left-sided heart failure (see Chapter 39). The etiology of ARDS is multifactorial and can occur in association with lung injury secondary to trauma, sepsis, aspiration, pneumonia, massive blood transfusions, or near drowning to name some associations. It is a common disease, affecting roughly 15% to 20% of all patients ventilated in the adult intensive care unit (ICU) and 1% to 4.5% of patients in the pediatric ICU. ARDS has a mortality rate of 25% to 50%.


Impairment of surfactant with ARDS can result from inhibition, degradation, or decreased production.30,50,51 The proteinaceous pulmonary edema characteristic of ARDS can inactivate surfactant by dilution and by competition for the interface. Plasma proteins known to inhibit surfactant function include serum albumin, globulin, fibrinogen, and C-reactive protein. In addition to proteins, phospholipases (along with their products), fatty acids, and lipids inhibit surface activity. Epithelial cell injury by inflammatory mediators can decrease surfactant production and contribute to surfactant deficiency. Normally in the lung, about 50% of surfactant is present in the bioactive form that has a high SP-B and SP-C content. In ARDS, small vesicular forms increase and the pool of active surfactant is depleted.


The phospholipid content is decreased and the phospholipid composition is abnormal in bronchoalveolar lavage fluid (BALF) from patients with ARDS.52 SP-A, SP-B, and SP-C are also decreased in BALF from patients with ARDS. The surfactant protein levels can remain low for at least 14 days after the onset of ARDS. Changes in surfactant composition including phospholipids, fatty acids, and proteins likely represent alveolar type II cell injury with altered metabolism, secretion, or recycling of components. SP-A and SP-B concentrations are also reduced in the lungs of patients at risk for ARDS, even before lung injury is clinically apparent. In contrast, SP-D levels in BALF were shown to remain normal, except in a subgroup of patients who later died. Decreased SP-D levels in BALF were 85.7% sensitive and 74% specific in predicting death with ARDS.53









Genetic deficiencies of surfactant in mice and humans


Mice with targeted deletion of the Sftpa gene (Sftpa−/−) survive normally without changes in surfactant composition, function, secretion, and reuptake; however, there is no tubular myelin.54 Although seemingly normal at baseline, significant defects are detected in pulmonary host defense in SP-A–deficient mice when they were subjected to a microbial challenge. Clearance of group B Streptococcus, Haemophilus influenzae, respiratory syncytial virus (RSV), and Pseudomonas aeruginosa is delayed in Sftpa−/− mice and the recognition and uptake of bacteria by alveolar macrophages are deficient.55-57 Oxygen radical production and killing of engulfed microorganisms by Sftpa−/− macrophages are markedly reduced, while markers of lung inflammation are increased following infection in Sftpa−/− mice.58


Despite the considerable innate immune defects that are associated with SP-A deficiency in animal models, we have yet to find a human susceptibility to pulmonary infection that is caused by an Sftpa mutation. However, polymorphisms (genetic variants) in the human genes for SP-A, which affect their function, have been identified, and humans with these polymorphisms have increased susceptibility to infections with RSV and Mycobacterium tuberculosis.59 Analyses suggest that SP-A polymorphisms may also affect infection severity since young children with RSV infection who are homozygous or heterozygous for asparagine at the amino acid position 9 are more likely to need intensive care, mechanical ventilation, or longer hospitalization.50 Although there are no clear associations between Sftpa mutation and pulmonary infection, a recent study reported an association between familial pulmonary fibrosis and two heterozygous mutations in the Sftpa gene that caused SP-A misfolding and trapping of SP-A in the endoplasmic reticulum.60 The extent to which these and other genetic variants will serve as clinically useful predictors of risk will require more analysis.


Mice with deletion of the Sfptd gene (Sftpd−/−) survive normally, but unlike SP-A–deficient mice that have relatively normal lungs at baseline, Sftpd−/− mice spontaneously develop pulmonary inflammation and airspace enlargement. In addition, Sftpd−/− mice accumulate increased numbers of apoptotic macrophages, and enlarged, foamy macrophages that release reactive oxygen species and metalloproteinases.61,62 When Sftpd−/− mice are exposed to a microbial challenge, the uptake and clearance of viral pathogens including influenza A and RSV are deficient, whereas the clearance of group B Streptococcus and Haemophilus influenzae is unchanged.63,64 However, oxygen radical release and production of the proinflammatory mediators are increased in Sftpd−/− mice when exposed to either viral or bacterial pathogens indicating that SP-D plays an anti-inflammatory role in the lung, independent of the clearance of pathogens.58,63,64 SP-D deficiency has not been described in humans, but polymorphisms at amino acid position 11 are associated with increased risk of RSV infection.65


Gene-targeted mice lacking SP-B and infants with hereditary SP-B deficiency demonstrate the critical role of SP-B in surfactant function, homeostasis, and lung function.66 Targeted disruption of the mouse SP-B gene causes respiratory failure at birth. Despite normal lung structure, the mice fail to inflate their lungs postnatally. Type II cells of SP-B–deficient mice have large multivesicular bodies but no lamellar bodies, and the proteolytic processing of pro-SP-C (the preprocessed form of SP-C) is disrupted.4 Infants with SP-B deficiency die from respiratory distress in the early neonatal period with the same pathologic findings.67 Mutations leading to partial SP-B function have been associated with chronic lung disease in infants. Because SP-B is required for both intracellular and extracellular aspects of surfactant homeostasis, SP-B deficiency has not been treated successfully with surfactant replacement therapy and survival is dependent on lung transplantation. It is important to note that mice and infants without the adenosine triphosphate–binding cassette transporter A3 (ABCA3) have type II cells without lamellar bodies and the same lethal respiratory failure phenotype as observed in SP-B deficiency.68


SP-C–deficient mice survive and have normal surfactant composition and amounts. However, surfactant isolated from SP-C–deficient mice forms less stable bubbles, demonstrating a role for SP-C in developing and maintaining lipid films.69 SP-C mutations recently were identified in patients with familial and sporadic interstitial lung disease.70 In these patients, Sftpc mutations alter the ability of the protein to fold correctly and result in the retention of SP-C in the endoplasmic reticulum and the subsequent development of endoplasmic reticulum stress, which, in turn, leads to pulmonary cell injury and death. Histological features of lung disease in these individuals include lungs with a thickened interstitium, infiltration with inflammatory cells and macrophages, fibrosis, and abnormalities of the respiratory epithelium.









Surfactant treatment of surfactant deficiency






Respiratory Distress Syndrome


The respiratory morbidities of preterm infants with RDS have decreased strikingly in recent years because of the combined effects of antenatal corticosteroid treatments on lung maturation and more gentle approaches to mechanical ventilation.71 The original randomized trials of surfactant for RDS evaluated treatments given after the disease was established, generally after 6 hours of age.72 Other trials evaluated treatment of all high-risk infants soon after birth to prevent RDS. Subsequent trials demonstrated that treatments of the highest-risk infants (generally infants with birth weights less than 1 kg) as soon after birth as convenient, and before significant mechanical ventilation, will minimize lung injury. However, many very low birth weight infants can be transitioned to air breathing successfully using continuous positive airway pressure (CPAP), and the decision to treat with surfactant can be made after the initial stabilization at birth.73,74 An advantage of allowing the infant to breathe spontaneously with CPAP used to recruit and maintain FRC is that hyperventilation and overdistention of the delicate preterm lung can be avoided. Larger infants who develop RDS are generally treated with oxygen and nasal CPAP until the inspired oxygen concentration approaches 40%. They then are treated with surfactant. Preterm infants will respond to surfactant treatments even if the treatment is delayed for several days.


Full-term infants with severe meconium aspiration or pneumonia also will respond to surfactant treatments with improved oxygenation.75 Surfactant also can improve lung function in infants with the group B streptococcal sepsis/pneumonia syndrome.76 Current practice is to treat most infants with severe respiratory failure with surfactant because there are no contraindications.


The surfactants that are commercially available for clinical use in infants are made from organic solvent extracts of animal lungs or alveolar lavages of animal lungs. While there are differences in composition, the clinical results do not demonstrate any compelling differences in clinical responses. All of the commercial surfactants lack SP-A, contain SP-C, and have variable amounts of SP-B. Surfactants that contain synthetic peptides or surfactant proteins are being developed for clinical use.









Acute Respiratory Distress Syndrome


ARDS is a significant therapeutic challenge for intensivists despite recent advances in the understanding of its pathophysiology and new treatment modalities. Surfactant content and composition are altered in ARDS, resulting in decreased surface activity, atelectasis, and decreased lung compliance.51 The injury is generally not uniform throughout the lung, resulting in overinflation of more normal lung and atelectasis and filling of alveoli with fluid in other lung regions. The injured lung makes less surfactant, surfactant is inhibited by the highly proteinaceous edema and inflammatory fluid, and the fluid-filled alveoli are difficult to recruit to improve ventilation. Multiple animal models of ARDS respond very positively to surfactant treatments when combined with lung recruitment ventilation strategies. Unfortunately, multiple large randomized controlled trials using different surfactants have not shown clinical benefit in humans.77,78 Recent trials have evaluated surfactant treatment of selective causes for ARDS, but again with no overall benefit.79


The experience in adult patients with ARDS differs strikingly with the clinical responses of preterm infants with RDS. Somewhere in between are the clinical responses of term infants with meconium aspiration and pneumonia who have modest but consistent clinical improvements that can decrease ECMO use and save lives.80 Several small trials and clinical experiences have suggested that older infants and children with diseases such as acute RSV pneumonia respond to surfactant treatment. A trial by Willson and colleagues81 demonstrated that, for a range of children from 1 to 21 years of age with various causes of ventilator dependent ARDS, surfactant treatments improved oxygenation and decreased mortality. Future studies of surfactant intervention for ARDS should be refined to better define which populations benefit from surfactant treatment. Future studies also can explore the potential for surfactant components to enhance host defense in diseases such as ARDS.









References


The complete reference list is available online at www.expertconsult.com











Suggested Reading





 Carnielli V.P., Zimmermann L.J., Hamvas A., et al. Pulmonary surfactant kinetics of the newborn infant: novel insights from studies with stable isotopes. J Perinatol. 2009;29(suppl 2):S29-S37. PMID: 19399007


 Davidson W.J., Dorscheid D., Spragg R., et al. Exogenous pulmonary surfactant for the treatment of adult patients with acute respiratory distress syndrome: results of a meta-analysis. Crit Care. 2006;10:R41. PMID: 16542488


 Jobe A.H., Kallapur S., Moss T.J.M. Inflammation/infection: effects on the fetal/newborn lung. In: Bancalari E., editor. The Newborn Lung: Neonatology Questions and Controversies. Philadelphia: Saunders Elsevier; 2008:119-140.


 Perez-Gil J., Weaver T.E. Pulmonary surfactant pathophysiology: current models and open questions. Physiology (Bethesda). 2010;25:132-141. PMID: 20551227


 SUPPORT Study Group of the Eunice Kennedy Shriver NICHD Neonatal Research NetworkFiner N.N., Carlo W.A., et al. Early CPAP versus surfactant in extremely preterm infants. N Engl J Med. 2010;362:1970-1979. PMID: 20472939


 Whitsett J.A., Wert S.E., Weaver T.E. Alveolar surfactant homeostasis and the pathogenesis of pulmonary disease. Annu Rev Med. 2010;61:105-119. PMID: 19824815


 Willson D.F., Thomas N.J., Markovitz B.P., et al. Effect of exogenous surfactant (calfactant) in pediatric acute lung injury: a randomized controlled trial. JAMA. 2005;293:470-476. PMID: 15671432











References





1 Whitsett J.A., Wert S.E., Weaver T.E. Alveolar surfactant homeostasis and the pathogenesis of pulmonary disease. Annu Rev Med. 2010;61:105-119.


2 Orgeig S., Hiemstra P., Veldhuizen E., et al. Recent advances in alveolar biology: Evolution and function of alveolar proteins. Respir Physiol Neurobiol. 2010;173(suppl):S43-S54.


3 Hallman M., Kulovich M., Kirkpatrick E., et al. Phosphatidylinositol and phosphatidylglycerol in amniotic fluid: indices of lung maturity. Am J Obstet Gynecol. 1976;125:613-617.


4 Whitsett J.A., Weaver T.E. Hydrophobic surfactant proteins in lung function and disease. N Engl J Med. 2002;347:2141-2148.


5 Kingma P.S., Whitsett J.A. In defense of the lung: surfactant protein A and surfactant protein D. Curr Opin Pharmacol. 2006;6:277-283.


6 Crouch E., Persson A., Chang D., et al. Molecular structure of pulmonary surfactant protein D (SP-D). J Biol Chem. 1994;269:17311-17319.


7 van de Wetering J.K., van Golde L.M., Batenburg J.J. Collectins: players of the innate immune system. Eur J Biochem. 2004;271:1229-1249.


8 Brown-Augsburger P., Hartshorn K., Chang D., et al. Site-directed mutagenesis of Cys-15 and Cys-20 of pulmonary surfactant protein D. Expression of a trimeric protein with altered anti-viral properties. J Biol Chem. 1996;271:13724-13730.


9 Palaniyar N., Ridsdale R.A., Holterman C.E., et al. Structural changes of surfactant protein A induced by cations reorient the protein on lipid bilayers. J Struct Biol. 1998;122:297-310.


10 Lu J., Wiedemann H., Timpl R., et al. Similarity in structure between C1q and the collectins as judged by electron microscopy. Behring Inst Mitt. 1993;93:6-16.


11 Hawgood S., Poulain F.R. The pulmonary collectins and surfactant metabolism. Annu Rev Physiol. 2001;63:495-519.


12 Crouch E., Rust K., Veile R., et al. Genomic organization of human surfactant protein D (SP-D). SP-D is encoded on chromosome 10q22.2-23.1. J Biol Chem. 1993;268:2976-2983.


13 Crouch E., Wright J.R. Surfactant proteins a and d and pulmonary host defense. Annu Rev Physiol. 2001;63:521-554.


14 Kishore U., Wang J.Y., Hoppe H.J., et al. The alpha-helical neck region of human lung surfactant protein D is essential for the binding of the carbohydrate recognition domains to lipopolysaccharides and phospholipids. Biochem J. 1996;318(Pt 2):505-511.


15 Sorensen G.L., Hjelmborg J.B., Kyvik K.O., et al. Genetic and environmental influences of surfactant protein D serum levels. Am J Physiol Lung Cell Mol Physiol. 2006;290:L1010-L1017.


16 Ikegami M., Na C.L., Korfhagen T.R., et al. Surfactant protein D influences surfactant ultrastructure and uptake by alveolar type II cells. Am J Physiol Lung Cell Mol Physiol. 2005;288:L552-L561.


17 Ikegami M., Grant S., Korfhagen T., et al. Surfactant protein-D regulates the postnatal maturation of pulmonary surfactant lipid pool sizes. J Appl Physiol. 2009;106:1545-1552.


18 Nogee L.M. Genetics of the hydrophobic surfactant proteins. Biochim Biophys Acta. 1998;1408:323-333.


19 Weaver T.E., Conkright J.J. Function of surfactant proteins B and C. Annu Rev Physiol. 2001;63:555-578.


20 Perez-Gil J., Weaver T.E. Pulmonary surfactant pathophysiology: current models and open questions. Physiology (Bethesda). 2010;25:132-141.


21 Wert S.E., Whitsett J.A., Nogee L.M. Genetic disorders of surfactant dysfunction. Pediatr Dev Pathol. 2009;12:253-274.


22 Rebello C.M., Jobe A.H., Eisele J.W., et al. Alveolar and tissue surfactant pool sizes in humans. Am J Respir Crit Care Med. 1996;154:625-628.


23 Jobe A.H., Ikegami M. Biology of surfactant. Clin Perinatol. 2001;28:655-669.


24 Jobe A.H., Rider E.D. Catabolism and recycling of surfactant. In: Robertson B., van Golde L.M.G., Batenburg J.J., editors. Pulmonary Surfactant: From Molecular Biology to Clinical Practice. Amsterdam: Elsevier; 1992:313-337.


25 Glatz T., Ikegami M., Jobe A. Metabolism of exogenously administered natural surfactant in the newborn lamb. Pediatr Res. 1982;16:711-715.


26 Jacobs H.C., Ikegami M., Jobe A.H., et al. Reutilization of surfactant phosphatidylcholine in adult rabbits. Biochim Biophys Acta. 1985;837:77-84.


27 Carnielli V.P., Zimmermann L.J., Hamvas A., et al. Pulmonary surfactant kinetics of the newborn infant: novel insights from studies with stable isotopes. J Perinatol. 2009;29(suppl 2):S29-S37.


28 Bernhard W., Pynn C.J., Jaworski A., et al. Mass spectrometric analysis of surfactant metabolism in human volunteers using deuteriated choline. Am J Respir Crit Care Med. 2004;170:54-58.


29 Schurch S., Green F.H.Y., Bachofen H. Formation and structure of surface films: captive bubble surfactometry. Biochim Biophys Acta. 1998;1408:180-202.


30 Zuo Y.Y., Veldhuizen R.A., Neumann A.W., et al. Current perspectives in pulmonary surfactant—inhibition, enhancement and evaluation. Biochim Biophys Acta. 2008;1778:1947-1977.


31 Uchida K., Beck D.C., Yamamoto T., et al. GM-CSF autoantibodies and neutrophil dysfunction in pulmonary alveolar proteinosis. N Engl J Med. 2007;356:567-579.


32 Enhorning G., Duffy L.C., Welliver R.C. Pulmonary surfactant maintains patency of conducting airways in the rat. Am J Respir Crit Care Med. 1995;151:554-556.


33 Rider E.D., Jobe A.H., Ikegami M., et al. Different ventilation strategies alter surfactant responses in preterm rabbits. J Appl Physiol. 1992;73:2089-2096.


34 Hartshorn K., Chang D., Rust K., et al. Interactions of recombinant human pulmonary surfactant protein D and SP-D multimers with influenza A. Am J Physiol. 1996;271:L753-L762.


35 Hartshorn K.L., Crouch E., White M.R., et al. Pulmonary surfactant proteins A and D enhance neutrophil uptake of bacteria. Am J Physiol. 1998;274:L958-L969.


36 Sano H., Sohma H., Muta T., et al. Pulmonary surfactant protein A modulates the cellular response to smooth and rough lipopolysaccharides by interaction with CD14. J Immunol. 1999;163:387-395.


37 Sano H., Chiba H., Iwaki D., et al. Surfactant proteins A and D bind CD14 by different mechanisms. J Biol Chem. 2000;275:22442-22451.


38 Stamme C., Muller M., Hamann L., et al. Surfactant protein a inhibits lipopolysaccharide-induced immune cell activation by preventing the interaction of lipopolysaccharide with lipopolysaccharide-binding protein. Am J Respir Cell Mol Biol. 2002;27:353-360.


39 Sato M., Sano H., Iwaki D., et al. Direct binding of Toll-like receptor 2 to zymosan, and zymosan-induced NF-kappa B activation and TNF-alpha secretion are down-regulated by lung collectin surfactant protein A. J Immunol. 2003;171:417-425.


40 Gardai S.J., Xiao Y.Q., Dickinson M., et al. By binding SIRPalpha or calreticulin/CD91, lung collectins act as dual function surveillance molecules to suppress or enhance inflammation. Cell. 2003;115:13-23.


41 Hohlfeld J.M., Erpenbeck V.J., Krug N. Surfactant proteins SP-A and SP-D as modulators of the allergic inflammation in asthma. Pathobiology. 2002;70:287-292.


42 Akinbi H.T., Bhatt H., Hull W.M., et al. Altered surfactant protein B levels in transgenic mice do not affect clearance of bacteria from the lungs. Pediatr Res. 1999;46:530-534.


43 Epaud R., Ikegami M., Whitsett J.A., et al. Surfactant protein B inhibits endotoxin-induced lung inflammation. Am J Respir Cell Mol Biol. 2003;28:373-378.


44 Augusto L.A., Synguelakis M., Johansson J., et al. Interaction of pulmonary surfactant protein C with CD14 and lipopolysaccharide. Infect Immun. 2003;71:61-67.


45 Been J.V., Rours I.G., Kornelisse R.F., et al. Chorioamnionitis alters the response to surfactant in preterm infants. J Pediatr. 2010;156:10-15.


46 Jobe A.H., Kallapur S., Moss T.J.M. Inflammation/infection: effects on the fetal/newborn lung. In: Bancalari E., editor. The Newborn Lung: Neonatology Questions and Controversies. Philadelphia: Saunders Elsevier; 2008:119-140.


47 Roberts D., Dalziel S. Antenatal corticosteroids for accelerating fetal lung maturation for women at risk of preterm birth. Cochrane Database Syst Rev. 3, 2006. CD004454


48 Ueda T., Ikegami M., Jobe A.H. Developmental changes of sheep surfactant: in vivo function and in vitro subtype conversion. J Appl Physiol. 1994;76:2701-2706.


49 International Consensus Conferences in Intensive Care Medicine. Ventilator-associated Lung Injury in ARDS. Am J Respir Crit Care Med. 1999;160:2118-2124.


50 El Saleeby C.M., Li R., Somes G.W., et al. Surfactant protein A2 polymorphisms and disease severity in a respiratory syncytial virus–infected population. J Pediatr. 2010;156:409-414.


51 Lewis J.F., Jobe A.H. Surfactant and the adult respiratory distress syndrome. Am Rev Respir Dis. 1993;147:218-233.


52 Gunther A., Siebert C., Schmidt R., et al. Surfactant alterations in severe pneumonia acute respiratory distress syndrome, and cardiogenic lung edema. Am J Respir Crit Care Med. 1996;153:176-184.


53 Greene K.E., Wright J.R., Steinberg K.P., et al. Serial changes in surfactant-associated proteins in lung and serum before and after onset of ARDS. Am J Respir Crit Care Med. 1999;160:1843-1850.


54 Ikegami M., Korfhagen T.R., Bruno M.D., et al. Surfactant metabolism in surfactant protein A-deficient mice. Am J Physiol. 1997;272:L479-L485.


55 LeVine A.M., Kurak K.E., Wright J.R., et al. Surfactant protein-A binds group B streptococcus enhancing phagocytosis and clearance from lungs of surfactant protein-A-deficient mice. Am J Respir Cell Mol Biol. 1999;20:279-286.


56 LeVine A.M., Gwozdz J., Stark J., et al. Surfactant protein-A enhances respiratory syncytial virus clearance in vivo. J Clin Invest. 1999;103:1015-1021.


57 LeVine A.M., Kurak K.E., Bruno M.D., et al. Surfactant protein-A-deficient mice are susceptible to Pseudomonas aeruginosa infection. Am J Respir Cell Mol Biol. 1998;19:700-708.


58 LeVine A.M., Whitsett J.A., Gwozdz J.A., et al. Distinct effects of surfactant protein A or D deficiency during bacterial infection on the lung. J Immunol. 2000;165:3934-3940.


59 Lofgren J., Ramet M., Renko M., et al. Association between surfactant protein A gene locus and severe respiratory syncytial virus infection in infants. J Infect Dis. 2002;185:283-289.


60 Wang Y., Kuan P.J., Xing C., et al. Genetic defects in surfactant protein A2 are associated with pulmonary fibrosis and lung cancer. Am J Hum Genet. 2009;84:52-59.


61 Korfhagen T.R., Sheftelyevich V., Burhans M.S., et al. Surfactant protein-D regulates surfactant phospholipid homeostasis in vivo. J Biol Chem. 1998;273:28438-28443.


62 Wert S.E., Yoshida M., LeVine A.M., et al. Increased metalloproteinase activity, oxidant production, and emphysema in surfactant protein D gene-inactivated mice. Proc Natl Acad Sci U S A. 2000;97:5972-5977.


63 LeVine A.M., Whitsett J.A., Hartshorn K.L., et al. Surfactant protein D enhances clearance of influenza A virus from the lung in vivo. J Immunol. 2001;167:5868-5873.


64 LeVine A.M., Elliott J., Whitsett J.A., et al. Surfactant protein-d enhances phagocytosis and pulmonary clearance of respiratory syncytial virus. Am J Respir Cell Mol Biol. 2004;31:193-199.


65 Lahti M., Lofgren J., Marttila R., et al. Surfactant protein D gene polymorphism associated with severe respiratory syncytial virus infection. Pediatr Res. 2002;51:696-699.


66 Clark J.C., Wert S.E., Bachurski C.J., et al. Targeted disruption of the surfactant protein B gene disrupts surfactant homeostasis, causing respiratory failure in newborn mice. Proc Natl Acad Sci U S A. 1995;92:7794-7798.


67 Nogee L.M., Wert S.E., Profitt S.A., et al. Allelic heterogeneity in hereditary SP-B deficiency. Am J Respir Crit Care Med. 2000;161:973-981.


68 Shulenin S., Nogee L.M., Annilo T., et al. ABCA3 gene mutations in newborns with fatal surfactant deficiency. N Engl J Med. 2004;350:1296-1303.


69 Glasser S.W., Burhans M.S., Korfhagen T.R., et al. Altered stability of pulmonary surfactant in SP-C deficient mice. Proc Natl Acad Sci U S A. 2001;98:6366-6371.


70 Thomas A.Q., Lane K., Phillips J.3rd, et al. Heterozygosity for a surfactant protein C gene mutation associated with usual interstitial pneumonitis and cellular nonspecific interstitial pneumonitis in one kindred. Am J Respir Crit Care Med. 2002;165:1322-1328.


71 Clark R.H., Gerstmann D.R., Jobe A.H., et al. Lung injury in neonates: Causes, strategies for prevention, and long-term consequences. J Pediatr. 2001;139:478-484.


72 Soll R.F., Morley C. Prophylactic versus selective use of surfactant for preventing morbidity and mortality in preterm infants. In The Cochrane Library. Oxford: Update Software; 2001. Issue 2


73 Morley C.J., Davis P.G., Doyle L.W., et al. Nasal CPAP or intubation at birth for very preterm infants. N Engl J Med. 2008;358:700-708.


74 Finer NN, Carlo WA, Walsh MC, et al. Early CPAP versus surfactant in extremely preterm infants. N Engl J Med. 362:1970–1979


75 Findlay R.D., Taeusch W.H., Walther F.J. Surfactant replacement therapy for meconium aspiration syndrome. Pediatr. 1996;97:48-52.


76 Herting E., Gefeller O., Land M., et al. Surfactant treatment of neonates with respiratory failure and Group B streptococcal infection. Pediatr. 2000;106:957-964.


77 Kesecioglu J., Beale R., Stewart T.E., et al. Exogenous natural surfactant for treatment of acute lung injury and the acute respiratory distress syndrome. Am J Respir Crit Care Med. 2009;180:989-994.


78 Davidson W.J., Dorscheid D., Spragg R., et al. Exogenous pulmonary surfactant for the treatment of adult patients with acute respiratory distress syndrome: results of a meta-analysis. Crit Care. 2006;10:R41.


79 Spragg R.G., Lewis J.F., Walmrath H.D., et al. Effect of recombinant surfactant protein C-based surfactant on the acute respiratory distress syndrome. N Engl J Med. 2004;351:884-892.


80 Lotze A., Knight G.R., Martin G.R., et al. Improved pulmonary outcome after exogenous surfactant therapy for respiratory failure in term infants requiring extracorporeal membrane oxygenation. J Pediatr. 1993;122:261-268.


81 Willson D.F., Thomas N.J., Markovitz B.P., et al. Effect of exogenous surfactant (calfactant) in pediatric acute lung injury: a randomized controlled trial. JAMA. 2005;293:470-476.
















5 The Structural and Physiologic Basis of Respiratory Disease
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Knowledge of the normal development, structure, and physiologic function of the lungs is required to understand the pathophysiology that is seen in disease. Historically, the understanding of lung function was derived solely from clinical observation and postmortem histologic examination. The development of invasive and noninvasive techniques that were capable of assessing lung structure and function in living subjects greatly improved our understanding of lung physiology on an “organ basis.” There has been an explosion of knowledge in cellular and molecular biology, which is covered in detail in other chapters. This chapter will focus on the normal structure of the lung and organ physiology.






Normal lung anatomy and cell function


Knowledge of normal lung anatomy is one of the basic requirements for understanding lung function in health and disease. Because detailed descriptions of lung anatomy are available elsewhere,1-3 this section will focus on selected aspects of gross and microscopic anatomy to enable the reader to understand the physiologic changes that occur in congenital and acquired lung disease.


The shape of the lung reveals three faces: the convex costal face opposed to the rib cage; the concave diaphragmatic face resting on the diaphragmatic dome, and the mediastinal face, where the right and left lung are oriented toward each other. The right and left lung are each embedded in a separate pleural cavity and are separated by the mediastinum. Except at the hilum (where airways, vessels, and nerves enter or leave the lung), the lung’s outer surface is covered by the visceral pleura, which also extends into the fissures, thereby demarcating the pulmonary lobes (Fig. 5-1).





[image: image]

Figure 5-1 Dried human lung. The costal and diaphragmatic faces can be seen. The visceral pleura that covers the surface of the lungs extends into the fissures. The oblique fissure separates the upper lobe (UL) and lower lobe (LL) on both sides. The horizontal fissure separates the UL and middle lobe (ML) of the right lung.











Airways


The airways are composed of two functional compartments. A proximal conducting zone (the bronchial tree) continuously connects to a distal respiratory zone (the alveolar region), where gas exchange takes place. The basic structure of the airways is already present at birth, therefore neonates and adults share a common bronchopulmonary anatomy (Figs. 5-2 and 5-3). When airways divide, they do so by dichotomous branching, over an average of 23 generations, although the number of times that branching occurs varies. This airway variability has physiologic implications; different pathways will have different resistances to air flow, and a heterogeneous distribution of gases or inhaled particles may occur. As the bronchi branch and decrease in size, they lose their cartilage and become bronchioles. Ultimately, a terminal bronchiole opens up into the alveoli-containing gas-exchanging area of the lung. In the human, the gas-exchanging area begins with several generations of respiratory bronchioles (i.e., bronchioles with alveoli attached to their wall) that connect to alveolar ducts whose “wall” completely consists of alveolar openings. The most distal alveolar ducts end in blind alveolar sacs. The unit of lung parenchyma distal to a terminal bronchiole (i.e., the unit in which all airways participate in gas exchange) is termed the acinus4 (Fig. 5-4).
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Figure 5-2 The nomenclature of bronchopulmonary anatomy, from a report by the Thoracic Society in 1950.63 A, Right lateral view. B, Anterior view. C, Left lateral view. Segments: Right upper lobe: (1) apical, (2) posterior, (3) anterior. Right middle lobe: (4) lateral, (5) medial. Right lower lobe: (6) superior (apical), (7) medial basal, (8) anterior basal, (9) lateral basal, (10) posterior basal. Left upper lobe: (1) apical, (2) posterior, (3) anterior, (4) superior lingual, (5) inferior lingual. Left lower lobe: (6) superior (apical), (7) medial basal, (8) anterior basal, (9) lateral basal, (10) posterior basal. Note absence of medial basal segment (7) in the left lung.


(Adapted from Negus V. The Biology of Respiration. Baltimore: Williams & Wilkins, 1955.)
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Figure 5-3 Resin cast of human lung airway and vascular trees. Airways are shown in yellow, pulmonary arteries in blue, and pulmonary veins in red. The chambers of the right heart and the pulmonary trunk (blue) as well as coronary arteries originating from the aorta (red) can also be seen (A). Higher magnifications show how pulmonary artery branches closely follow the airways, whereas branches of the pulmonary veins lie between bronchoarterial units (B). Small supernumerary arteries (arrows) take off at right angles (C).
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Figure 5-4 Model of airway branching in the human lung over an average of 23 generations. The first 14 generations are purely conducting. Transitional airways lead into acinar airways, which contain alveoli and thus participate in gas exchange.


(Modified from Weibel ER: Morphometry of the human lung. Heidelberg, Springer, 1963. From Ochs M, Weibel ER. Functional design of the human lung for gas exchange. In: Fishman’s Pulmonary Diseases and Disorders, 4th ed. Fishman AP, Elias JA, Fishman JA, et al., eds. New York: McGraw-Hill, 2008, pp 23–69.)





The airways are lined with a continuous epithelium that gradually changes from a ciliated pseudostratified columnar epithelium in the bronchi to a ciliated simple cuboidal epithelium in smaller bronchioles near the gas-exchanging units. At the transition into the alveolar region, the epithelium abruptly becomes squamous. At all levels, the epithelium is not made of a single cell type, but rather a mosaic of several cell types: lining cells and secretory cells, often with rarer cells with specialized functions interspersed (Fig. 5-5). Ciliated cells predominate throughout the bronchial and bronchiolar epithelium and are responsible for propelling mucus from the peripheral airways to the pharynx (Fig. 5-6). This mucociliary transport system is an important defense mechanism of the lungs. The mucous layer has two parts, a superficial gel layer with high viscosity and a deeper periciliary sol layer. The cilia form a dense, long carpet on top of the epithelial cells, and their coordinated to-and-fro action propels the gel mucous layer toward the oropharynx. Cilia are a derivative of the centrioles, and there are approximately 200 of them on the apex of each ciliated cell. The cilia are anchored within the cell with a basal body that is oriented in the direction of mucous movement. The shaft of the cilium has a central pair of single tubules that are connected via radial spokes to nine peripheral pairs of tubules. The tip of the cilium has tiny hooklets that probably help grab the gel component of the mucous layer and propel it forward. The cilium has a beat frequency of 8 to 20 Hz and is coordinated both with other cilia on that cell and concurrently with the cilia on adjacent cells to yield a synchronized wave flowing up the airway.5 Primary ciliary dyskinesia (PCD) is a group of disorders that includes Kartagener’s syndrome and the erroneously named immotile cilia syndrome. In PCD there are defects within the tubules, in their inner or outer dynein arms, or in the radial arms that result in a disorganized movement of the cilia that precludes normal mucociliary transport and results in chronic bronchitis and repeated pneumonias (see Chapter 71). Submucosal glands, which are present in large and small bronchi, are the chief source of airway secretions and contain both serous and mucus cells. Goblet cells are seen in the trachea and bronchi (see Fig. 5-6). They produce mucin, a viscous mixture of acid glycoproteins that contributes to the mucous layer. Submucosal glands and goblet cells can increase in number in disorders such as chronic bronchitis, the result being mucous hypersecretion and increased sputum production. The basal cell, commonly seen within the pseudostratified columnar bronchial epithelium resting on the basement membrane but not reaching the lumen, is undifferentiated and acts as a precursor of ciliated or secretory cells (see Fig. 5-6).6
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Figure 5-5 Schematic representation of wall structure along the airways. The epithelium is reduced from pseudostratified to cuboidal and then to squamous, but it retains its mosaic of lining and secretory cells. Only the trachea and bronchi contain cartilage as well as submucosal glands. Smooth muscle cells disappear in the alveoli.


(From Ochs M, Weibel ER. Functional design of the human lung for gas exchange. In: Fishman’s Pulmonary Diseases and Disorders, 4th ed. Fishman AP, Elias JA, Fishman JA, et al., eds. New York: McGraw-Hill, 2008, pp 23–69.)
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Figure 5-6 Light micrograph of the bronchial wall. The major cells types of the pseudostratified columnar respiratory epithelium can be seen: Ciliated cells (CiC), goblet cells (GC), and basal cells (BC). The mucosa’s connective tissue layer (lamina propria), which contains blood vessels, can be seen underneath the epithelium.


(Courtesy of G. Bargsten, Hannover.)





Whereas ciliated cells are still present in smaller bronchioles, goblet cells are gradually replaced by nonciliated bronchiolar epithelial cells (often termed Clara cells, although this eponym is debated7). These cells are characterized by their dome-shaped apex that protrudes into the airway lumen and by secretory granules. Their secretory products, which include the Clara cell secretory protein (CCSP), add to the bronchiolar lining layer. CCSP is thought to have immunomodulatory functions. In addition, these nonciliated bronchiolar epithelial cells are a site of Cytochrome P-450–dependent detoxification of xenobiotics, and they act as progenitor cells for the maintenance of the bronchiolar epithelium.8


There are several rarer cell types found within the airways; however, their functional significance is less well understood. The brush cell has a dense tuft of broad, short microvilli and is supposed to have sensory functions.9 Neuroendocrine cells secrete mediators into subepithelial capillaries. Sometimes these cells are organized in clusters (neuroepithelial bodies) that are thought to have oxygen-sensing functions. Neuroepithelial bodies10 are found more frequently within the fetal airways or in pediatric disorders characterized by chronic hypoxemia (e.g., bronchopulmonary dysplasia).


Histologically, the remainder of the airway consists of the submucosa, with its network of blood vessels and nerves, and a variable amount of smooth muscle and cartilage. Within the submucosa are mast cells containing vasoactive peptides and amines, cells of the immune system (plasma cells, lymphocytes, and phagocytes), and submucosal glands. In the main stem bronchi, cartilage is present in C-shaped rings. However, as further branching of bronchi occurs, progressively less cartilage is present as plates. Cartilage adds structural rigidity to the airway and thus plays an important role in maintaining airway patency, especially during expiration. Congenital deficiency of airway cartilage and hence airway instability has been associated with bronchiectasis (Williams-Campbell syndrome) and congenital lobar hyperinflation (previously referred to as congenital lobar emphysema).


The smooth muscle content of the airway also varies with its anatomic location. In the largest airways, a muscle bundle connects the two ends of the C-shaped cartilage. As the amount of cartilage decreases, the smooth muscle assumes a helical orientation and gradually becomes thinner, ultimately reaching the alveolar ducts where the smooth muscle cells lie in the alveolar entrance rings. Muscle contraction increases airway rigidity in all airways.


Although it has been widely assumed that the airway muscles of newborn infants are inadequate for bronchoconstriction, this assumption is not correct. Even premature infants have smooth muscle, and although the amount may be statistically less than that seen in adults, it is likely enough to constrict the infant’s much more compliant airways. Indeed, pulmonary function test results have demonstrated that airway resistance can be altered with bronchodilating drugs. The belief that infants have little or no smooth muscle in their airways is even less tenable in such disorders as Northway’s old bronchopulmonary dysplasia11 and left-to-right congenital heart disease, in which hypertrophy of the airway smooth muscle has been demonstrated by morphometric measurement. Congenital deficiency of large-airway smooth muscle and elastic fibers is associated with marked dilation of the trachea and bronchi, which promotes retention of airway secretions and ultimately leads to recurrent pulmonary sepsis (Mounier-Kuhn syndrome).









Alveolar region


Within the pulmonary lobule, defined as the smallest unit of lung structure marginated by connective tissue septae, one finds the lungs’ region for gas exchange. The terminal respiratory (gas-exchanging) unit consists of the structures distal to the terminal bronchiole: the respiratory bronchioles (bronchioles with alveoli budding from their walls), alveolar ducts, and alveoli (Fig. 5-7).
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Figure 5-7 Light micrograph of respiratory bronchiole (RB) from human lung seen extending into alveolar ducts (AD). The wall is lined by typical bronchiolar cuboidal epithelium (asterisks), which is interrupted by respiratory patches (arrows) and alveoli proper (arrowheads). Note pulmonary artery branches (PA) following the respiratory bronchiole. Inset: Respiratory patch with capillary (arrow) and macrophage (M). The cuboidal ciliated epithelium (E) is replaced by thin squamous type I alveolar epithelial cells. Note thick fibrous layer (F) with smooth muscle cells.


(From Ochs M, Weibel ER. Functional design of the human lung for gas exchange. In: Fishman’s Pulmonary Diseases and Disorders, 4th ed. Fishman AP, Elias JA, Fishman JA, et al., eds. New York: McGraw-Hill, 2008, pp 23–69.)





As mentioned earlier in the chapter, the acinus is the portion of lung parenchyma distal to a terminal bronchiole (see Fig. 5-4). It is the basic functional unit of the lung. The acinus is approximately 6 to 10 mm in diameter in the adult lung. In the adult lung, these units have a total gas volume of 2000 to 4000 mL and a surface area of about 140 m2 (Table 5-1),12 yet all alveoli are within 5 mm of the closest terminal bronchiole. True alveoli are not spherical but more closely resemble hexagons with flat, sheet-like surfaces. The average alveolar diameter ranges from 200 to 300 μm. Within the acini, interalveolar holes (termed pores of Kohn) are present in alveolar walls. Although they have been thought to provide channels for collateral ventilation, the fact that pores of Kohn are covered with surfactant13 needs to be taken into consideration. Ultrastructural evidence suggests that they are used by alveolar macrophages to reach neighboring alveoli. In the newborn lung there are few, if any, pores of Kohn. This might contribute to the fact that relative to adult lung, infant lung is more predisposed to patchy atelectasis.


Table 5-1 The Human Lung in Numbers






	Alveolar number

	480 million






	Alveolar surface area

	140 m²






	Capillary volume

	210 mL






	Air-blood barrier thickness

	2 μm







Data from Gehr P, Bachofen M, Weibel ER. The normal lung: Ultrastructure and morphometric estimation of diffusion capacity. Resp Physiol. 1978;32:121–140; Ochs M, Nyengaard JR, Jung A, et al. The number of alveoli in the human lung. Am J Respir Crit Care Med. 2004;169:120–124.


The alveoli are lined by two types of epithelial cells (Fig. 5-8). Type I alveolar epithelial cells are extremely broad, thin (0.1 to 0.5 μm) cells that cover 95% of the alveolar surface. They are markedly differentiated cells that possess few organelles, and because they are so thin they provide a trivial barrier for gas exchange. Recent work has also demonstrated that these cells are capable of actively transporting Na+ with Cl– and water following, and thus participate in the clearance of airspace fluid (see Chapter 38).14 Type II epithelial cells are more numerous than type I cells, but because of their cuboidal shape they occupy only about 5% of the total alveolar surface area (Table 5-2). They are characterized histologically by microvilli and osmophilic inclusions termed lamellar bodies, which are storage sites for surfactant components (see Fig. 5-8).15,16
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Figure 5-8 Electron micrograph of a human type II alveolar epithelial cell. The phospholipid-rich surfactant material is stored in lamellar bodies (LB) prior to secretion. On both sides, thin cell extensions of type I alveolar epithelial cells form tight junctions with the type II cell (arrows). A capillary (C) is seen underneath the type II cell. The thin side of the air-blood barrier is trilaminar and consists of the alveolar epithelium (Epi), fused basement membranes (BM) and the capillary endothelium (Endo). Scale bar = 1 μm.


(From Ochs M. A brief update on lung stereology. J Microsc. 2006;222:188–200.)







Table 5-2 Cellular Characteristics of the Human Lung
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The type II alveolar epithelial cell maintains homeostasis within the alveolar space in several ways. First, it is the source of pulmonary surfactant and as such indicates maturity of the lung; surfactant decreases the surface tension at the alveolar air-liquid interface. Second, this cell is the precursor of the type I alveolar epithelial cell and thus plays a key role in the normal maintenance of the alveolar epithelium as well as in the repair process following lung injury. Third, it is capable of actively transporting ions against an electrochemical gradient and is involved in both fetal lung liquid secretion and in the postnatal reabsorption of fluid from the airspace following the development of alveolar pulmonary edema (see the discussion on fetal lung liquid secretion in “The Lung at Birth” later in the chapter). Two pediatric disorders associated with the type II alveolar epithelial cell are (1) its lack of maturity and surfactant secretion in respiratory distress syndrome (RDS) of preterm infants and (2) its decreased lamellar body formation and surfactant secretion in surfactant dysfunction mutations (e.g., in genes encoding surfactant protein B or the lipid transporter ABCA3).


The cell junctions (zonulae occludentes) between type I and type II alveolar epithelial cells are very tight and thus restrict the movement of both macromolecules and small ions (e.g., sodium and chloride) (see Fig. 5-8). This tightness is an essential characteristic of the cells lining the alveolar space; it enables the active transport of ions. Also, these tight junctions provide a margin of safety for patients who are susceptible to pulmonary edema; significant interstitial pulmonary edema can be present without alveolar flooding, thus preserving gas exchange.


There is a thick side and a thin side to the alveolar air-blood barrier. Gas exchange is thought to occur predominantly on the thin side, where there are only the thin extensions of type I alveolar epithelial cells, fused basement membranes, and capillary endothelial cells (see Fig. 5-8). Capillaries undergo considerable stress (e.g., during exercise or lung hyperinflation) and must have great tensile strength. This strength is mainly imparted by type IV collagen located in the basement membrane. The thick side of the barrier consists of connective tissue, amorphous ground substance, and scattered fibroblasts. The thick side, in addition to providing structural support, acts as a site of fluid and solute exchange.17









Pulmonary vascular system


The lung receives blood from both ventricles. In the postnatal lung, the entire right ventricular output enters the lung via the pulmonary arteries, and blood ultimately reaches the gas-exchanging units by one of the pulmonary arterial branching systems. Arterial branches accompany the bronchial tree and divide with it, each branch accompanying the appropriate bronchial division (see Fig. 5-3B). In addition, supernumerary arteries take off at right angles and directly supply the gas-exchanging units (see Fig. 5-3C). The pulmonary capillary bed is the largest vascular bed in the body and covers a surface area of about 120 to 130 m2. The network of capillaries is so dense that it may be thought of as a sheet of blood interrupted by small vertical supporting posts. The pulmonary veins that lie at the boundaries between lung units defined by bronchoarterial divisions return blood to the left atrium. By virtue of their larger numbers and thinner walls, the pulmonary veins provide a large reservoir for blood and help maintain a constant left ventricular output in the face of a variable pulmonary arterial flow.


The bronchial arteries (usually three originating directly or indirectly from the aorta, but variable in number)18,19 provide a source of well-oxygenated systemic blood to the lung’s tissues.20 This blood supply nourishes the walls of the bronchi and proximal bronchioles, larger blood vessels, and nerves in addition to perfusing the lymph nodes and most of the visceral pleura. There are numerous communications between the bronchial arterial system and the remainder of the pulmonary vascular bed: a portion of the blood returns to the right atrium via bronchial veins, and a portion drains into the left atrium via pulmonary veins. Although normally the bronchial arteries receive only 1% to 2% of the cardiac output, they hypertrophy in chronically infected lungs, and blood flow may easily increase by more than ten-fold. This is clinically important because virtually all hemoptysis originates from the bronchial vessels in disorders such as cystic fibrosis or other causes of suppurative bronchiectasis.


Histologically, the pulmonary arteries can be classified as elastic, muscular, partially muscular, or nonmuscular. The elastic pulmonary arteries are characterized by elastic fibers embedded in their muscular coat, whereas the smaller muscular arteries have a circular layer of smooth muscle cells bounded by internal and external elastic laminae. As arteries decrease further in size, only a spiral of smooth muscle remains (partially muscular arteries), which ultimately disappears so that vessels still larger than capillaries have no muscle in their walls (nonmuscular arteries). In the adult lung, elastic arteries are greater than 1000 μm in diameter, and muscular arteries are usually in the range of 250 μm. In the pediatric age group, histologic structure is not as easily determined from vessel size. During lung growth, a remodeling of the pulmonary vasculature occurs. Muscularization of the arteries lags behind multiplication of alveoli and appearance of new arteries. Therefore, the patient’s age must be considered before histologic structure can be assumed from vessel size within the pulmonary acinus (Fig. 5-9). Notably, in the fetus and newborn the amount of pulmonary arterial smooth muscle is increased. This is functionally important because high pulmonary arterial resistance is a feature of the fetal circulation in association with a large right to left shunt via the ductus arteriosus.
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Figure 5-9 The populations of the three arterial types: muscular (M), partially muscular (PM), and nonmuscular (NM), in the fetus, child, and adult. The distribution of structure in size is similar in the fetus and the adult, whereas during childhood NM and PM structures are found in much larger arteries. E.D., External diameter.


(From Reid LM. The pulmonary circulation. Remodeling in growth and disease. Am Rev Respir Dis. 1979;119:531.)





The endothelium of the pulmonary vascular system is continuous and nonfenestrated. It is an intensely active cell layer and is not just serving a passive barrier function. The endothelial cell produces a glycocalyx that interacts with blood-borne substances and blood cellular elements, thereby influencing such homeostatic functions as hemostasis. The endothelium produces von Willebrand factor, which is part of the factor VIII complex and is necessary for normal platelet function. Within endothelial cells, von Willebrand factor is stored in specific granules termed Weibel-Palade bodies.21 Similarly, there are enzymes located on the surface and within the endothelial cell itself that are capable of synthesizing, altering, or degrading blood-borne vasoactive products. The individual cells are separated by gaps of approximately 3.5 nm in radius, which allow the free movement of water and small ions but restrict the movement of proteins. The cells and the basement membrane on which they sit carry different net surface charges, which affect the movement of anionic macromolecules such as proteins and thus affect lung water and solute exchange (see Chapter 38). The capacity of the pulmonary endothelium and its basement membrane to restrict fluid and protein movement is impressive. It has been estimated that in the adult human the amount of lung lymph flow is only 10 to 20 mL/hr despite a total blood flow of 300,000 mL/hr.









Lymphatic system


There is an extensive interconnecting network of lymphatic vessels throughout the lung. The major function of this network is to collect the protein and water that has moved out of the pulmonary vascular space and to return it to the circulation, thus maintaining the lung at an appropriate degree of hydration. The lymphatic vessels travel alongside the blood vessels in the loose connective tissue of the pleura and bronchovascular spaces. It is likely that there are no lymphatics within the alveolar wall itself and that juxta-alveolar lymphatics represent the beginning of the pulmonary lymphatic system. Histologically, the lymphatic capillaries consist of thin, irregular endothelial cells that lack a basement membrane. Occasionally, there are large gaps between endothelial cells that allow direct communication with the interstitial space. Larger lymphatic vessels contain smooth muscle in their walls that undergoes rhythmic contraction. This muscular contraction plus the presence of funnel-shaped, monocuspid valves ensures an efficient unidirectional flow of lymph. In addition to helping maintain lung water balance, the lymphatic system is one of the pulmonary defense mechanisms. It aids in removal of particulate matter from the lung, and aggregates of lymph tissue near major airways contribute to the host’s immune response.









Innervation of the lung


The lung is innervated by both components of the autonomic nervous system.22 Parasympathetic nerves arise from the vagus nerve, and sympathetic nerves are derived from the upper thoracic and cervical ganglia of the sympathetic trunk. These branches congregate around the hila of the lung to form the pulmonary plexus. Myelinated and nonmyelinated fibers then enter the lung tissues and travel along with and innervate the airways and blood vessels. Although the anatomic location of pulmonary nerves has been elucidated, their physiologic role in health and disease is incompletely understood. In general, the airways constrict in response to vagal stimulation and dilate in response to adrenergic stimulation. The postnatal pulmonary vasculature appears to be maximally dilated under normal conditions, and it is difficult to demonstrate any significant physiologic effect of either parasympathetic or sympathetic stimulation. The vascular response, however, is influenced by age and initial vascular tone. For example, in fetal lungs where there is an abundance of pulmonary vascular smooth muscle, vagal stimulation results in significant vasodilation, and sympathetic stimulation results in marked vasoconstriction.


Sensory nerves from the lungs are vagal in origin and arise from slowly and rapidly adapting receptors and from C-fiber receptors. The slowly adapting (stretch) receptors, located in the smooth muscle of the airway, are stimulated by an increase in lung volume or transpulmonary pressure. They induce several physiologic responses including inhibition of inspiration (Hering-Breuer reflex), bronchodilation, increased heart rate, and decreased systemic vascular resistance. The rapidly adapting vagal (irritant) receptors are activated by a wide variety of noxious stimuli, ranging from mechanical stimulation of the airways to anaphylactic reactions within the lung parenchyma. The rapidly adapting receptors induce hyperpnea, cough, and constriction of the airways and larynx. C-fiber receptors are the terminus of nonmyelinated vagal afferents. They include the J receptors that are located near the pulmonary capillaries and are stimulated by pulmonary congestion and edema; they evoke a sensation of dyspnea and induce rapid, shallow breathing along with laryngeal constriction during expiration.


In addition to the sympathetic and parasympathetic nervous systems, humans and several other species have a third nervous system within their lungs. The noncommittal name nonadrenergic noncholinergic nervous system has been chosen because its function and properties are not understood. Purines, substance P, and vasoactive intestinal polypeptide have been suggested as possible neurotransmitters for this system.









Interstitium


The interstitium plays several roles in lung function in addition to providing a structural framework that consists of insoluble proteins. The ground substance influences cell growth and differentiation and lung water and solute movement. The cells contained within the interstitial region of the lung not only play individual roles that result from their contractile or synthetic properties, but they also interact with other cells (e.g., the endothelium and epithelium) to alter the basic structure and function of the lung.


A continuous fiber scaffold is present in the interstitium, with an axial system (along the airways from the hilum to the alveolar ducts), a peripheral system (along the visceral pleura into interlobular septa), and a septal system (along the alveolar septa) (Fig. 5-10).23 Most of the interstitial matrix of the lung is composed of type I collagen which, along with the less common collagen subtypes, forms a structural fibrous framework within the lung. Elastin, a contractile insoluble protein, provides elasticity and support to the structures. Both elastin and collagen turn over very slowly under normal conditions. However, rapid remodeling with changes in these proteins sometimes occurs. In diseases such as α1-antitrypsin deficiency (where neutrophil elastases degrade elastin) and pulmonary fibrosis (where there is increased amounts of collagen), there are marked qualitative and quantitative changes in these proteins. The remainder of the matrix is made up of proteoglycans and glycosaminoglycans. These carbohydrate-protein complexes can affect cell proliferation and differentiation in addition to their known effect on cell adhesion and attachment (e.g., laminin) and ability to diminish fluid movement (glycosaminoglycans).
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Figure 5-10 Schematic diagram of the fibrous support of the lung. (See text for detail.)


(From Weibel ER, Bachofen H. How to stabilize the alveoli. Surfactant or fibers. News Physiol Sci. 1987;2:72–75.)





Fibroblasts are capable of synthesizing components of the extracellular matrix (e.g., collagen, elastin, and glycosaminoglycans) and hence contribute significantly to the composition of the lung’s interstitial space. They can be found within all of the interstitial regions of the lung, although their apparent structure may change, emphasizing the heterogeneity of this cell population.24 For example, there are fibroblasts with contractile properties (myofibroblasts), some of which also contain lipid bodies in their cytoplasm (lipofibroblasts). Similarly, it is likely that morphologically similar fibroblasts are not similar in terms of proliferative capacity and ability to synthesize various types of collagen. Data suggest that fibrotic lung diseases are characterized by the loss of the normal heterogeneous fibroblast population and that there may be a selection for certain clones that promote inappropriate focal collagen deposition within the lung parenchyma.


Smooth muscle cells influence the bronchomotor and vasomotor tone within the conducting airways and blood vessels. They are also seen within the free edge of the alveolar septa together with elastic fibers, where they form an alveolar entrance ring that is capable of constricting or dilating. The smooth muscle cells form bundles connected by nexus or gap junctions that enable electrical coupling and synchronous contraction. The pericyte is another contractile interstitial cell that is found embedded in the endothelial basement membrane. It is believed to be a precursor cell that can differentiate into other cell types such as mature vascular smooth muscle cells.


There are a variety of interstitial cells that are concerned with innate and adaptive defense of the lung.25 The interstitial macrophage and the alveolar macrophage are major effectors of the innate immune system, which they manage by ingesting particulate matter and removing it from the lung or by processing proteins or other antigens for presentation to adaptive immune cells. These macrophages are capable of secreting many compounds, including proteases and cytokines (substances capable of modulating the growth and function of other cells). B and T lymphocytes, including subsets such as T-regulatory cells (T-reg), are present in the lung and especially within the bronchus-associated lymphoid tissue (BALT), where they contribute to the humoral and cellular-mediated immune response. Further details on the innate and adaptive immune system are available in Chapter 7.


Although not within the interstitium per se, there are large numbers of intravascular cells such as granulocytes that adhere to the pulmonary endothelium. Indeed, next to the bone marrow and spleen, there are more granulocytes within the lung than in any other organ. These granulocytes can be released into the systemic circulation during such stimuli as exercise or the infusion of adrenalin, and this demargination is responsible for the concomitant blood leukocytosis. These leukocytes are also in a prime location for movement into the lung should an infection or inflammatory stimulus occur. There is much evidence to suggest that the pulmonary granulocyte contributes to the pulmonary dysfunction seen in acute lung injury or acute RDS. Leukocytes also contain proteases that are thought to play a role in the development of emphysema and in the lung destruction that occurs in cystic fibrosis.









Growth and development of the lung






Prenatal Lung Growth


Lung development has been divided into various stages with names that reflect the respective histological appearance of the lung, the region of the lung that is most obviously developing, or both. The literature quotes different ranges for the different stages of human lung development. This concept is reinforced by the “overlap” between the different stages indicated in Figure 5-11. However, the available data contrasts with the mouse where at least the airway branching pattern is remarkably stereotypical in that all fetuses develop along the same timeline.26 It may be that there are inadequate data for the human fetal lung to detect this stereotypical development during the longer gestation or that, as with all developmental profiles, each individual human fetus develops along its own timeline. Prenatal lung growth and development is discussed in greater detail in the literature27,28 and in Chapter 1.
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Figure 5-11 Various stages of lung development. The actual separation of individual stages is not discrete, and it overlaps. Note that the alveolar stage commences before normal term birth.


(From Zeltner TB, Burri PH. The postnatal development and growth of the human lung. II. Morphology. Respir Physiol. 1987;67:269–282.)





The embryonic stage is the first stage of human fetal lung development and takes place from approximately 3 to 6 weeks’ gestational age (GA). The lung first appears as a ventral outpouching of the primitive gut. The primary bronchi elongate into the mesenchyme and divide into the two main bronchi. Another key event is that the main pulmonary artery arises from the sixth pharyngeal arch. Congenital abnormalities of the lung may occur during this stage (e.g. lung agenesis, tracheobronchial fistula).


The pseudoglandular stage occurs from approximately 6 to 16 weeks’ GA. During this period, airway branching continues and the mesenchyme differentiates into cartilage, smooth muscle, and connective tissue around the epithelial tubes. By the end of the pseudoglandular period, all major conducting airways, including the terminal bronchioles, have formed. Arteries are evident alongside the conducting airways, and by the end of the pseudoglandular period all pre-acinar arterial branches have formed. Congenital abnormalities of the lung may occur during this stage (e.g., bronchopulmonary sequestration, cystic adenomatoid malformation, and congenital diaphragmatic hernia).


The canalicular stage occurs from approximately 16 to 26 weeks’ GA, and during that time the respiratory bronchioles develop. By the end of this stage, each ends in a terminal sac (also termed a saccule). The glandular appearance is lost as the interstitium has less connective tissue and the lung develops a rich vascular supply that is closely associated with the respiratory bronchioles.


The saccular stage occurs from approximately 26 to 36 weeks’ GA. During this period, significant capillary proliferation and thinning of the epithelium permits close contact between the airspace and the bloodstream, thus enabling gas exchange. Elastic fibers, which will be important in subsequent true alveolar development, begin to be laid down. At this time, cuboidal (type II) and thin (type I) epithelial cells begin to line the airspace.


The alveolar period commences at approximately 36 weeks’ GA. Secondary septa form on the walls of the saccules and grow into the lumen forming the walls of true alveoli.


Distention of the lungs’ airspaces by fetal lung liquid is essential for normal lung development. This fluid is neither a mere ultrafiltrate of plasma nor aspirated amniotic fluid. Rather it is generated by the epithelium’s active secretion of chloride into the developing lung’s lumen with sodium and water following passively (Fig. 5-12A). An inadequate amount of fetal lung liquid is associated with lung hypoplasia.
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Figure 5-12 A, The polarized epithelium lining the fetal lung’s lumen actively secretes Cl–, with Na+ and H2O following, which creates in the fluid that distends the fetal lung. Cl– enters on the basolateral side through membrane-bound protein transporters and is secreted out the apical membrane through different chloride channels, one of which is the chloride channel encoded by the cystic fibrosis transmembrane regulator (CFTR). The electrochemical gradient that drives the secretion is created by the basolateral Na+/K+ ATPase and K+ permeant ion channels. B, The polarized epithelium lining the perinatal and postnatal distal lung actively absorbs Na+, with Cl– and H2O following, which clears the fetal lung liquid that is present at birth. Na+ enters the cell down its electrochemical gradient through membrane-bound Na permeant ion channels located on the apical membrane. The basolateral Na+/K+ ATPase extrudes the intracellular Na+ across the basolateral membrane to the interstitial space. The electrochemical gradient that drives the absorption is created by the basolateral Na+/K+ ATPase and K+ permeant ion channels. A recent summary of research on luminal lung liquid and electrolyte transport is available.65
 


Congenital abnormalities of the lung may occur during the various stages.28 In addition, factors such as oligohydramnios or decreased fetal breathing may interfere with the development of the distal lung unit, including the development of alveoli. In contrast, if there is obstruction to outflow of tracheal fluid, as occurs in laryngeal atresia, there is pulmonary hyperplasia.












The lung at birth


Many dramatic changes must occur in the lungs during the transition from intrauterine to extrauterine life. The lung’s epithelium must change from fluid secretion to fluid absorption, the distal lung units must fill with and retain inhaled air, and blood flow must increase approximately 20-fold.


At the time of birth, the lungs contain approximately 30 mL/kg of fetal lung liquid. Approximately ⅓ of this fluid is squeezed out during a vaginal delivery, but all of the fluid remains in the airspaces in an infant born by caesarian section. Thus, fetal lung liquid secretion must either greatly decrease or cease totally, and the fluid must be removed. Catecholamines released during labor can temporarily convert the fetal lung from a fluid-secreting organ to a fluid-absorbing organ29 by initiating the active transport of sodium by the distal lung epithelium (see Fig. 5-12B). The clearance of fetal lung liquid from the newborn’s airspaces takes many hours, and the increase in oxygen tension at the time of birth30 is one key factor that permanently converts the lung epithelium into a sodium-absorbing mode.


In utero, little blood flows through the lung despite a relatively high perfusion pressure. This is because of the abundance of pulmonary vascular smooth muscle and the vasoconstrictor effect of the low fetal partial pressure of oxygen (PO2) (< 30 mm Hg). Although during the last trimester, concomitant with surfactant production, blood flow increases to 7% of the cardiac output, it is only at birth that marked increases in the capacity and distensibility of the pulmonary vasculature occur. Several mechanisms are responsible for the changes in circulation. Inflation of the lung with air results in mechanical distention of the vessels, and improvement in oxygenation removes hypoxic vasoconstriction. In addition, the increase in partial pressure of oxygen in arterial blood (PaO2) and changes in flow result in the release of mediators that contribute to the vasoconstriction of the ductus arteriosus31 and umbilical vessels and dilation of the pulmonary vascular bed. After birth the vessels dilate, which allows the necessary blood flow to the lungs, and the measured wall/lumen ratio decreases. After about 10 days of extrauterine life, the lumina are wider, regardless of the gestational age of the baby.









Postnatal lung growth


Postnatal lung growth continues throughout infancy and childhood and into the adolescent years. Throughout life, the average values of lung lobe weight expressed as a percentage of total lung weight are approximately: right upper lobe 20%, right middle lobe 8%, right lower lobe 25%, left upper lobe 22%, and left lower lobe 25%. Throughout the pediatric years, the tracheal diameter approximately triples and the airways increase in their cross-sectional diameter (Fig. 5-13). Excised human lung studies suggest that this growth occurs until around 5 years of age and is associated with marked changes in the relative conductance of central versus more peripheral airways (Fig. 5-14).
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Figure 5-13 Diameter of the airway at different percentage points along the axial pathway in an adult lung and in the newborn lung. The pathway begins at the trachea, and the distal end of the terminal bronchiole corresponds to the 100% point.


(Reproduced from Hislop A, Muir DC, Jacobsen M, et al. Postnatal growth and function of the pre-acinar airways. Thorax. 1972;27:265–274.)
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Figure 5-14 Comparison of peripheral and central airway conductance as a function of age in normal human lungs. The data are corrected for size by expressing the conductance as mL/sec/g of lung and for lung inflation by expressing all data at a transpulmonary pressure of 5 cm H2O.


(Replotted from Hogg JC, Williams J, Richardson JB, et al. Age as a factor in the distribution of lower-airway conductance and in the pathologic anatomy of obstructive lung disease. N Engl J Med. 1970;282:1283.)





Most postnatal lung growth involves the acinar area. New secondary septa continue to appear on the walls of the saccules and grow into the airspace, thus creating more true alveoli. Alveoli continue to increase in number through segmentation of these primitive alveoli and through transformation of terminal bronchioles into respiratory bronchioles, the latter being a process known as alveolarization. Alveolar dimensions and number both increase as the lungs and body grow with the internal surface area of the lung paralleling body mass (approximately 1 to 1.5 m2/kg of body weight). It is agreed that alveoli appear prior to birth, and various studies have suggested that there are approximately 20 to 150 million alveoli at birth. A morphometric study32 of the lungs of 56 infants and children who died suddenly or after a brief illness indicates that there are approximately 200 to 300 million alveoli by the end of the second year of life, at which time alveolar multiplication slows markedly. After 2 years of age, boys have a larger number of alveoli and alveolar surface area than girls regardless of age and stature, and it is uncertain when alveolar multiplication ceases; however few, if any, new alveoli develop after 8 years of age.32 Animal studies suggest that the adult lung can, under certain circumstances, develop a small number of new alveoli.33 After alveolar multiplication stops, further growth of the airspace occurs through an increase in alveolar dimensions. In the mature adult lung, the final number of alveoli averages 480 million,34 with individual subjects varying from 200 million to 800 million. The final number is related to total lung volume. An individual alveolus is 200 to 300 microns in diameter. As alveolar multiplication occurs, new blood vessels appear within the acinus. This explains the commensurate increase in the single breath diffusing capacity for carbon monoxide as the lungs grow.35


Prenatal (saccular) walls, as well as secondary septa that form postnatally during the alveolar period, contain a double-capillary network. The adult lung, however, contains a single capillary layer interwoven with a sheet of septal connective tissue. The phase of remodeling the septal capillary bilayer into a single layer (microvascular maturation) occurs from early after birth up to the age of about 2 to 3 years.


Healthy children grow along their lung function growth curve,36,37 much like children grow along their own height curve. For example, if a healthy child is born with lung volumes at the 10th percentile, he or she will usually maintain this status throughout childhood.


When the structure and mechanical behavior of the young infant’s and child’s respiratory system are compared to those of the mature, but not the elderly, adult important differences emerge that are likely to influence the pattern of disease. Some of these differences, such as reduced lung recoil, are shared by the infant and elderly and likely influence the pattern of respiratory disease in both populations. The young lung lacks elastic recoil because elastin is still being created; as a result, airways are less well supported and there is greater airway closure; this favors inhomogeneity of gas exchange and the development of patchy atelectasis. The elderly have low lung recoil because they have lost elastin through the aging process, and there is greater loss of recoil when elastin degradation occurs by mechanisms promoting emphysema. The chest wall is relatively more compliant in the young child and stiffens with increasing age. As a result, the infant can develop paradoxical respiration. Respiratory muscle activation during inspiration can produce inward displacement of the rib cage, contributing to increased respiratory work for a given level of ventilation, particularly during rapid eye movement (REM) sleep. The deformability of the chest wall influences findings on physical examination. Chest wall–abdominal paradox may be normal in the premature infant during REM sleep but not in the older child or adult.


Postnatal lung growth can be impaired by restriction of the lung (e.g., in kyphoscoliosis) or augmented (e.g., in remaining lung postpneumonectomy). Lung capacities and flows continue to increase until late adolescence. Once adult life is achieved, then nonsmoking men and women have an annual decline in their FEV1 of approximately 20 mL/year.38 The rate of decline during adult life is increased when individuals smoke or have a history of repeated childhood respiratory disorders.









Ventilation and mechanics of breathing


The principal function of the lung is to perform gas exchange, that is, to enrich the blood with oxygen and cleanse it of carbon dioxide. An essential feature of normal gas exchange is that the volume and distribution of ventilation are appropriate. Ventilation of the lung depends on the adequacy of the respiratory pump (muscles and chest wall) and the mechanical properties of the airways and gas-exchanging units.


It is traditional and useful to consider mechanical events as belonging to two main categories: the static-elastic properties of the lungs and chest wall and the flow-resistive or dynamic aspects of moving air. Changes in one category may be associated with compensatory changes in the other. Thus, many diseases affect both static and dynamic behavior of the lungs. Often the principal derangement is in the elastic properties of the tissues or in the dimensions of the airways, and the treatment or alleviation of symptoms depends on distinguishing between them.


Before we discuss the mechanical aspects of lung function and gas exchange, it is important to review several basic physical laws concerning the behavior of gases and also the related abbreviations and symbols that will be used.









Definitions and symbols


The principal variables for gases are as follows:




V = gas volume


[image: image]= volume of gas per unit time


P = pressure


F = fractional concentration in dry gas


R = respiratory exchange ratio, carbon dioxide/oxygen


f = frequency


DL = diffusing capacity of lung





The designation of which volume or pressure is cited requires a small capital letter after the principal variable. Thus, VO2 = volume of oxygen; PB = barometric pressure.




I = inspired gas


E = expired gas


A = alveolar gas


T = tidal gas


D = dead space gas


B = barometric pressure





When both location of the gas and its species are to be indicated, the order is VIO2, which means the volume of inspired oxygen.




STPD = standard temperature, pressure, dry (0° C, 760 mm Hg)


BTPS = body temperature, pressure, saturated with water vapor


ATPS = ambient temperature, pressure, saturated with water vapor





The principal designations for blood are as follows:




S = percentage saturation of gas in blood


C = concentration of gas per 100 mL of blood


Q = volume of blood


[image: image]= blood flow per minute


a = arterial


[image: image]= mixed venous


c = capillary





All sites of blood determinations are indicated by lowercase initials. Thus, PaCO2 = partial pressure of carbon dioxide in arterial blood; PO2 = partial pressure of oxygen in mixed venous blood; and PaO2 = partial pressure of oxygen in a capillary.


The measurement of pressures can be confusing because pressure can be expressed using different units. For example, atmospheric pressure at sea level can be expressed by many seemingly different, but similar, values: it is important to remember the following:
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The unit Torr is named after Evangelista Torricelli, who discovered the principle of the barometer and used the height of a column of mercury to measure pressures; for general use, one can use the following equation:
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Both pleural space and ventilator pressures are typically described as cm H2O since a water-filled manometer was the initial tool used to measure these pressures; it was very hard to measure these low pressures by looking at only millimeter changes in the height of a column of mercury. Care must be taken when reviewing the literature on pulmonary vascular pressures as they can be expressed in either mm Hg or cm H2O. The conversion from cm H2O to mm Hg is as follows:
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Properties of Gases


Gases behave as an enormous number of tiny particles in constant motion. Their behavior is governed by the gas laws, which are essential to the understanding of pulmonary physiology.


Dalton’s law states that the total pressure exerted by a gas mixture is equal to the sum of the pressures of the individual gases. The pressure exerted by each component is independent of the other gases in the mixture. For instance, at sea level, air saturated with water vapor at a temperature of 37° C has a total pressure equal to the atmospheric or barometric pressure with the partial pressures of the components as follows:
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The gas in alveoli contains 5.6% carbon dioxide, BTPS. If PB = 760 mm Hg, then,
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Boyle’s law states that at a constant temperature, the volume of any gas varies inversely as the pressure to which the gas is subjected: PV = k. Because respiratory volume measurements may be made at different barometric pressures, it is important to know the barometric pressure and to convert to standard pressure, which is considered to be 760 mm Hg.


Charles’ law states that if the pressure is constant, the volume of a gas increases in direct proportion to the absolute temperature. At absolute zero (− 273°C), molecular motion ceases. With increasing temperature, molecular collisions increase, so that at constant pressure, volume must increase.


In all respiratory calculations, water vapor pressure must be taken into account. The partial pressure of water vapor increases with temperature but is independent of atmospheric pressure. At body temperature (37° C), fully saturated gas has a PH2O of 47 mm Hg.


Gases may exist in physical solution in a liquid, escape from the liquid, or return to it. At equilibrium, the partial pressure of a gas in a liquid medium exposed to a gas phase is equal in the two phases. Note that in blood the sum of the partial pressures of all the gases does not necessarily equal atmospheric pressure. For example, in venous blood, PO2 has fallen from the 100 mm Hg of the arterial blood to 40 mm Hg, while PCO2 has changed from 40 to 46 mm Hg. Thus, the sum of the partial pressures of O2, CO2, and N2 in venous blood equals 655 mm Hg. This provides the physiologic reason why patients who experience a pneumothorax can eventually reabsorb their pneumothorax and do so more rapidly if they inhale gases with an FIO2 > 0.21.












Elastic recoil of the lung


The lung is an elastic structure that tends to decrease its size at all volumes. The elasticity of the lung depends on the structural components, the geometry of the terminal airspaces, and the presence of an air-liquid interface. When a lung is made airless and is then inflated with liquid, the elastic recoil pressure at large volumes is less than half that of a lung inflated to the same volume with air (Fig. 5-15). Thus, the most significant determinant of the elastic properties of the lung is the presence of an air-liquid interface.
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Figure 5-15 Comparison of pressure-volume curves of air-filled and saline-filled lungs (cat). Open circles, inflation, closed circles, deflation. Note that the saline-filled lung has a much higher compliance and also much less hysteresis than the air-filled lung.


(From West JB. Respiratory Physiology—The Essentials, 8th ed. Baltimore: Williams & Wilkins, 2008.)





The increase of elastic recoil in the presence of an air-liquid interface results from the forces of surface tension. What is surface tension? When molecules are aligned at an air-liquid interface, they lack opposing molecules on one side. The intermolecular attractive forces are then unbalanced, and the resultant force tends to move molecules away from the interface. The effect is to reduce the area of the surface to a minimum. In the lungs, the forces at the air-liquid interface operate to reduce the internal surface area of the lung, and thus they augment elastic recoil. A remarkable property of the material at the alveolar interface, the alveolar lining layer containing pulmonary surfactant, is its ability to achieve a high surface tension at large lung volumes and a low surface tension at low volumes. Surfactant is a phospholipid-protein complex that when compressed forms insoluble, folded-surface films of low surface tension. The ability to achieve a low surface tension at low lung volumes tends to stabilize the airspaces and prevent their closure.


The exact method of lung stabilization and the concomitant role of surfactant in this stabilization can be debated. The classic interpretation is that without surfactant the smaller alveoli would tend to empty into the larger alveoli in accordance with the Laplace relationship, which relates the pressure across a surface (P) to surface tension (T) and radius (r) of curvature. For a spherical surface, P = 2T/r. The smaller the radius, the greater is the tendency to collapse. The difficulty with this hypothesis is that the individual lung units are drawn as independent but communicating bubbles or spheres (Fig. 5-16A). This is not representative of structure of the lung because the alveolar walls are planar, not spherical. In addition, the inside wall of one alveolus is the outside wall of the adjacent alveolus. This last explanation has been utilized to develop the interdependence model of lung stability, which indicates that surface and tissue forces interact to maintain the lungs’ inherent structure, with the fibrous components playing an important role (see Fig. 5-16B).
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Figure 5-16 A, Classic model of the distal lung, in which individual alveoli would be controlled by Laplace’s law: P = 2γ/r. Small alveoli would empty into large alveoli. B, Interdependence model of the lung, in which alveoli share common planar and not spherical walls. Any decrease in the size of one alveolus would be stabilized by the adjacent alveoli.


(From Weibel ER, Bachofen H. How to stabilize the alveoli. Surfactant or fibers. News Physiol Sci. 1987; 2:72–75.)





The elastic recoil of the lung is responsible for the lung’s tendency to pull away from the chest wall with the resultant subatmospheric pressure in the pleural space. Lung recoil can therefore be derived from measurement of the pleural pressure when no air flow is occurring and alveolar pressure is zero. (The pressure measurement is taken with the patient holding his or her breath for a brief period with the glottis open.)


The pressure within the esophagus can be used as an index for mean pleural pressure. This is a reasonable assumption as long as there is no paradoxical rib cage movement. However, it is not a reasonable assumption for premature infants, term infants in rapid eye movement (REM) sleep, and older infants with severe lung disease. For these infants, no average pleural pressure exists, and calculations of resistance and compliance will not be accurate using this method. When pleural pressure is estimated with an esophageal balloon, one must be careful to avoid artifacts resulting from the gravitational pressure of the mediastinum. For this reason, these measurements are best performed with the patient in the upright or lateral rather than the supine position. Once a series of pressure measurements has been made during brief breath-holds at different lung volumes, a pressure-volume curve of the lung can be constructed (Fig. 5-17).
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Figure 5-17 Pressure-volume curve of a normal lung. Pleural pressure and lung volume are simultaneously determined during brief breath-holds. Lung compliance is calculated from data obtained on the expiratory portion of the pressure-volume curve.











Compliance of the lung


The pressure-volume curve of the lung describes two measurements of the elastic properties of the lung: elastic recoil pressure and lung compliance. Elastic recoil pressure is the pressure generated at a given lung volume, whereas compliance is the slope of the pressure-volume curve, or the volume change per unit of pressure:





[image: image]





Compliance depends on the initial lung volume from which the change in volume is measured and the ventilatory events immediately preceding the measurement as well as the properties of the lung itself. At large lung volumes, compliance is lower, because the lung is nearer its elastic limit. If the subject has breathed with a fixed tidal volume for some minutes, portions of the lung are not participating in ventilation, and compliance may be reduced. A few deep breaths, with return to the initial volume, will increase compliance. Thus, a careful description of associated events is required for correct interpretation of the measurement.


Changes in total lung compliance occur with age for two reasons; the lung’s elastic recoil increases during childhood prior to declining during later adult life,39 and the smaller the subject, the smaller is the change in volume for the same change in pressure. For example, ΔV/ΔP is close to 6 mL/cm H2O in infants, and is 125 to 190 mL/cm H2O in adults. It is more relevant to a description of the elastic properties of the lung to express the compliance in relation to a unit of lung volume such as the functional residual capacity (FRC).When this is done, the compliance of the lung/FRC, or the specific compliance, changes much less. It is worth reemphasizing that total lung compliance is a function not only of the lung’s tissue and surface tension characteristics but also of its volume. This is especially important to remember when compliance has been measured in newborn infants with RDS. The total compliance is a composite of the lung’s elastic properties and the number of open lung units. In RDS, sudden changes in total measured compliance (if uncorrected for simultaneously measured lung gas volume) will predominantly, if not exclusively, reflect the opening and closing of individual lung units.


Lung compliance may also be measured during quiet breathing with pressure and volume being recorded at end-inspiration and end-expiration. The resultant value is the dynamic lung compliance. Although dynamic lung compliance does reflect the elastic properties of the normal lung, it is also influenced by the pressure required to move air within the airways. Therefore, dynamic lung compliance increases with increased respiratory rate and with increased airway resistance. Air flow is still occurring within the lung after it has ceased at the mouth, and pleural pressure reflects both the elastic recoil of the lung and the pressure required to overcome the increased airway resistance. Indeed, dynamic lung compliance can be used as a sensitive test of obstructive airway disease.









Elastic properties of the chest wall


The chest wall is also an elastic structure, but in contrast to the lung, it tends to push outward at low volumes and inward at high volumes. These phenomena are illustrated when air is introduced into the pleural space: the lung collapses and the chest wall springs outward.


Compliance of the chest wall can be measured by considering the pressure difference between the pleural space or esophagus and the atmosphere, per change in volume. Significant changes in thoracic compliance occur with age (Fig. 5-18). In the range of normal breathing, the thorax of the infant is nearly infinitely compliant. The pressures measured at different lung volumes are about the same across the lung as those measured across lung and thorax together. The functional significance of the high compliance of the neonatal thorax is observed when there is lung disease. The necessarily greater inspiratory effort and more negative pleural pressure can “suck” in the chest wall, resulting in less effective gas exchange and a higher work of breathing.
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Figure 5-18 Pressure-volume relations of lungs and thorax in an adult and in an infant. The dashed line represents the characteristic of lungs and thorax together. Transpulmonary pressure at the resting portion (functional residual capacity) is less in the infant, and thoracic compliance is greater in the infant.




With advancing age, the thorax becomes relatively stiffer.40 Changes in volume-pressure relations are profitably considered only if referred to a reliable unit, such as a unit of lung volume or a percentage of total lung capacity. Considered on a percentage basis, compliance of the thorax decreases with age. It remains unclear how much of this change is contributed by changes in tissue properties (e.g., increasing calcification of ribs and connective tissue changes) and how much is a disproportionate growth of the chest wall relative to the lung.









Lung volumes






Definition


The partition of commonly used lung volumes can be understood by studying Figure 5-19. The spirogram on the left represents the volume of air breathed in and out by a normal subject. The first portion of the tracing illustrates normal breathing and is called the tidal volume (VT). The subject then makes a maximal inspiration followed by a maximum expiration: the volume of expired air is the vital capacity (VC). The volume of air that still remains in the lung after a maximal expiration is the residual volume (RV), whereas the volume of air remaining in the lung after a normal passive expiration is the FRC. The maximum amount of air that a subject can have in the lungs is called the total lung capacity (TLC). In healthy young subjects, TLC correlates best with the subject’s sitting height.
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Figure 5-19 The lung volumes. The spirogram (left) demonstrates normal breathing followed by a maximal inspiratory effort and a maximal expiratory effort. FRC, Functional residual capacity; RV, residual volume; TLC, total lung capacity (6.0 L in an average male, 4.2 L in an average female, and 160 mL in an average 3-kg infant; see histograms on right); VC, vital capacity; Vt, tidal volume.




The volumes and capacities of the lungs are determined by many factors, including muscle strength, static-elastic characteristics of the chest wall and lungs, airway status, and patient age and cooperation. TLC is reached when the force generated by maximal voluntary contraction of the inspiratory muscles equals the inward recoil of the lung and chest wall. FRC occurs when the respiratory muscles are relaxed and no external forces are applied; it is therefore the volume at which the inward recoil of the lung is exactly balanced by the outward recoil of the chest wall (see Fig. 5-18).


Closing volume, the volume at which airways close in dependent regions of the lung, is not routinely measured but is important for our understanding of normal lung function (see: Distribution of Ventilation). Closing volume is graphically illustrated by the atelectasis observed in dependent regions of the infant lung in computed tomography scans of the chest.


In healthy children and young adults, end-expiratory lung volume during tidal volume breathing is equivalent to FRC. This is not the case in infants, who breathe at a lung volume higher than FRC. This higher volume seems to be a sensible solution to the infants’ problem of having an airway closing volume that exceeds FRC. An infant maintains the expiratory lung volume higher than FRC by a combination of postinspiratory diaphragmatic activity, laryngeal adduction, and rapid respiratory rate, which minimizes the time for expiration.


The factors determining RV vary with age. In adolescents and young adults, RV occurs when the expiratory muscles cannot compress the chest wall further. In young children and older adults, RV is a function of the patency of small airways and the duration of expiratory effort.









Measurement


Tidal volume and VC can be determined by measuring the expired volume. The measurement of FRC and RV requires another approach. Because both volumes include the air in the lungs that the patient does not normally exhale, they must be measured indirectly. One method uses the principle of dilution of the unknown volume with a known concentration of a gas that is foreign to the lung and only sparingly absorbed, such as helium. The patient breathes from a container with a known volume and concentration of helium in oxygen-enriched air. After sufficient time has elapsed for the gas in the lung to mix and equilibrate with the gas in the container, the concentration of helium in the container is remeasured. Because initial volume × initial concentration of helium = final volume × final concentration of helium, the final volume, which includes gas in the lungs, can be calculated.


The multiple breath inert gas washout method41 also can be used to calculate lung volumes such as FRC. In addition, it provides information regarding the lung clearance index (LCI) which is now recognized to be a sensitive indicator of peripheral airway dysfunction. It also has the advantage that it can be performed in uncooperative subjects such as infants and very young children42 (see Chapters 11 and 12).


Neither the helium dilution nor multiple breath inert gas washout methods can measure gas behind closed airways (“trapped gas”) or in regions of the lung that are poorly ventilated. There is, however, a method of measuring total gas volume within the thorax that depends on the change in volume that occurs with compression of the gas when breathing against an obstruction. Practically, this measurement requires the patient to be in a body plethysmograph and to pant against a closed shutter. The change in pressure can be measured in the mouthpiece; the change in volume can be recorded with a spirometer attached to the body plethysmograph:
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This method has the advantage of being able to be repeated several times per minute. It has the disadvantage of including some abdominal gas in the measurement.


There have also been concerns about the validity of the plethysmographic technique in patients with severe obstructive lung disease. This issue has not yet been resolved because the technique has been reported to overestimate the lung volume in adults but underestimate the lung volume in infants with obstructive lung disease.






Interpretation


Similar to body growth percentiles, there is a wide range of normal values for lung volumes. For example, the mean TLC for a child 140 cm tall is 3.2 L; however, the statistical range of normal (mean ± 2 SD) is 1.9 to 4.3 L. This range of normal values, when expressed as percentage predicted, is even greater for younger children or smaller lung volumes (such as RV). Owing to this wide range of normality, care must be exercised in the interpretation of lung volumes. Measurement of lung volumes is of greatest benefit when repeated over several months to assess the progress of a chronic respiratory illness and the efficacy of treatment. Healthy children grow along their lung function growth curve,36,37 much like they grow along their growth percentiles.


The VC is one of the most valuable measurements that can be made in a functional assessment, because it is highly reproducible and has a relatively narrow range of normal values. It can be decreased by a wide variety of disease processes, including muscle weakness, loss of lung tissue, obstruction of the airway, and decreased compliance of the chest wall. VC is therefore not a useful tool to discriminate between types of lesions. Its chief role is to assign a value to the degree of impairment and to document changes that occur with therapy or time. In order to decide whether obstructive or restrictive lung disease is present, it is useful to measure expiratory flow rates (see Chapters 11 and 12) and to observe the pattern of abnormalities in the other lung volumes. In obstructive lung disease (e.g., asthma), the smallest lung volumes are affected first; RV increases owing to abnormally high airway resistance at low lung volumes, and as the disease progresses, the FRC increases. Although the increase in FRC (hyperinflation) may rarely be due to loss of lung recoil, the overdistention is usually compensating for partial lower airway obstruction. When the lung volume is increased, intrathoracic airways enlarge, and widespread partial obstruction may be partially relieved by the assumption of a larger resting lung volume. Whereas the total lung capacity is only rarely affected in obstructive disease (e.g., asthma) in children, TLC and VC are the first lung volumes to be affected in restrictive diseases of the chest wall (e.g., kyphoscoliosis) or lung (e.g., pulmonary fibrosis).















Regional lung volumes


During normal breathing, different areas of the lung have different regional lung volumes; the upper airspaces are inflated more than the lower airspaces. Because static-elastic properties are fairly constant throughout the lung, these different regional lung volumes result from the gradient of pleural pressure that exists from the top to the bottom of the lung. Although gravitational forces are thought to be largely responsible, the mechanisms responsible for this pleural pressure gradient are incompletely understood. In the erect young adult lung, the pleural pressure is − 8 cm H2O at the apex and only − 2 cm H2O at the base. The significance of this phenomenon is that when a subject breathes in, the lowermost lung units will receive the majority of the inspired air (Fig. 5-20). This is advantageous because the majority of pulmonary blood flow also goes to the base of the lung, and thus blood flow and ventilation patterns are more closely matched.
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Figure 5-20 Pressure-volume curve of a normal lung (heavy solid line). At functional residual capacity, distending pressure is less at the bottom than at the top; accordingly, alveoli at the bottom (A) are smaller (i.e., lower percentage regional vital capacity) than those at the top (B). When a given amount of distending pressure (ΔP) is applied to the lung, alveoli at the bottom increase their volume (ΔV) more than alveoli at the top, owing to the varying steepness of the pressure-volume curve. When fully expanded to total lung capacity (100% VC), alveoli at the bottom (A’) are nearly the same size as alveoli at the top (B’), because both points lie on the flat portion of the curve.


(From Murray JF. The Normal Lung. Philadelphia: Saunders, 1976.)












Dynamic (flow-resistive) properties of the lung






Gas Flow Within Airways


The respiratory system must perform work to move gas into and out of the lungs. Because air moves into the lungs during inspiration and out of the lungs during expiration, and because the velocity of air flow increases from small airways to large airways, energy must be expended to accelerate the gas molecules. The respiratory system’s resistance to acceleration (inertance) is minimal during quiet breathing and will not be considered further. However, inertance becomes quite significant during very high breathing rates, as occurs in high-frequency ventilation. During quiet breathing, frictional resistance to air flow accounts for one third of the work performed during quiet breathing. The magnitude of pressure loss due to friction is determined by the pattern of flow. Flow may be laminar (streamlined) or turbulent, and which pattern exists depends on the properties of the gas (viscosity, density), the velocity of air flow, and the radius of the airway. In general, there is laminar flow in the small peripheral airways and turbulent flow in the large central airways.


The laws governing the frictional resistance to flow of gases in tubes apply to pulmonary resistance. The equation for calculating the pressure gradient required to maintain a laminar flow of air through a tube is given by Poiseuille’s law:
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where P = pressure, [image: image]= flow, l = length, r = radius of the tube, and n = the viscosity of the gas. The viscosity of air is 0.000181 poise at 20° C, or only 1% that of water. Because resistance = pressure/flow, it is clear that the most important determinant of resistance in small airways will be the radius of the tube, which is raised to the fourth power in the denominator of the equation.


The pressure required to maintain turbulent flow is influenced by airway diameter and gas density and is proportional to the square of the gas velocity. The effect of gas density on turbulent flow has both therapeutic implications. Children with viral laryngotracheobronchitis have marked narrowing of the subglottic area, which greatly increases the resistance to air flow. The pressure required to overcome this increased resistance in the large airways, and hence the work of breathing, can be decreased by administering a low-density gas mixture (70% helium, 30% oxygen).









Measurement of Resistance


Resistance (R) is calculated from the equation:
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The pressure is measured at the two ends of the system—in the case of the lung, at the mouth and at the alveoli—and the corresponding flow is recorded. Measurement of alveolar pressure presents the greatest problem. Several methods have been used to measure alveolar pressure. The most common method employs a body plethysmograph. The subject sits in an airtight box and breathes through a tube connected to a pneumotachometer, an apparatus that measures air flow. When a shutter occludes the tube and air flow ceases, the mouth pressure is assumed to be equal to the alveolar pressure. Airway resistance can then be calculated because air flow, alveolar pressure, and ambient pressure are known.


Total pulmonary resistance can be measured in infants and children by the forced oscillation technique. This measurement includes airway resistance plus the tissue viscous resistance of the lung and chest wall. Nasal resistance is also included in the measurement if the infant is breathing through the nose. Although there are theoretical objections to this technique, it has several advantages. It does not require a body plethysmograph, estimates of pleural pressure, or patient cooperation, and it can be done quickly enough to be used on ill patients. A sinusoidal pressure applied at the upper airway changes the air flow, and the ratio of pressure change to flow change is used to calculate resistance. When the forced oscillations are applied at the so-called resonant frequency of the lung (believed to be 3 to 5 Hz), it is assumed that the force required to overcome elastic resistance of the lung and the force required to overcome inertance are equal and opposite, so that all of the force is dissipated in overcoming flow resistance. This technique has demonstrated that infants with bronchiolitis have about a two-fold increase in inspiratory pulmonary resistance and a three-fold increase in expiratory resistance.


Several new techniques have been developed that are capable of measuring lung function in infants and young children. Each has its advantages, underlying assumptions, and limitations, and these techniques are discussed in detail in Chapter 11.









Sites of Airway Resistance


The contribution of the upper airway to total airway resistance is substantial. The average nasal resistance of infants by indirect measurements is nearly half of the total respiratory resistance, as is the case in adults. It is hardly surprising that any compromise of the dimensions of the nasal airways in an infant who is a preferential nose breather will result in retractions and labored breathing. Likewise, even mild edema of the trachea or larynx will impose a significant increase in airway resistance.


In the adult lung, about 80% of the resistance to air flow resides in airways greater than 2 mm in diameter. The vast number of small peripheral airways provides a large cross-sectional area for flow and therefore contributes less than 20% to the airway resistance. Thus, these airways may be the sites of disease that may severely impair ventilation of distal airspaces without appreciably altering the total airway resistance. In the infant lung, however, small peripheral airways may contribute as much as 50% of the total airway resistance, and this proportion does not decrease until about 5 years of age. Thus, the infant and young child are particularly severely affected by diseases that affect the small airways (e.g., bronchiolitis).









Factors That Affect Airway Resistance


Airway resistance is determined by the diameter of the airways, the velocity of air flow, and the physical properties of the gas breathed. The diameter is determined by the balance between the forces tending to narrow the airways and the forces tending to widen them. One of the forces tending to narrow the airways is exerted by the contraction of bronchial smooth muscle. The neural regulation of bronchial smooth muscle tone is mediated by efferent impulses through autonomic nerves. Sympathetic impulses relax the airways, and the parasympathetic impulses constrict them. Bronchi constrict reflexly from irritating inhalants (e.g., sulfur dioxide and some dusts); by arterial hypoxemia and hypercapnia; by embolization of the vessels; by cold; and by some vasoactive mediators (e.g., acetylcholine, histamine, bradykinin, and leukotrienes). They dilate in response to an increase in systemic blood pressure through baroreceptors in the carotid sinus and to beta sympathomimetic agents such as salbutamol (selective beta2 agonist), isoproterenol (beta1 and beta2 agonist), and epinephrine (nonselective alpha and beta agonist). The large airways are probably in tonic contraction in health, because in unanesthetized adults, atropine or isoproterenol will decrease airway resistance.


Airway resistance changes with lung volume, but not in a linear manner. Increasing the lung volume to above FRC only minimally decreases airway resistance. In contrast, as lung volume decreases from FRC, resistance rises dramatically and approaches infinity at RV. Although alterations in bronchomotor tone play a role, it is the decrease in lung elastic recoil as lung volume declines that is the predominant mechanism for the change in airway resistance. The recoil of the lung provides a tethering or “guy wire” effect on the airways that tends to increase their diameter. Children of different ages will have different airway resistances owing to the different sizes of their lungs. Therefore, the measurement of airway resistance or its reciprocal (airway conductance) is usually corrected by dividing the airway conductance by the simultaneously measured lung volume. The resultant specific airway conductance is remarkably constant regardless of the subject’s age or height.









Dynamic Airway Compression


During a forced expiration, both the pleural and the peribronchial pressures become positive and tend to narrow the airways; forces tending to keep airways open are the intraluminal pressure and the tethering action of the surrounding lung. During active expiration, however, the intraluminal pressure must decrease along the pathway of air flow from the alveoli to the mouth, where it becomes equal to atmospheric pressure. Therefore, at some point in the airway, intraluminal pressure must equal pleural pressure—the equal pressure point (EPP) (see Chapter 12 and Fig. 12-6). Downstream from the EPP, pleural pressure exceeds intraluminal pressure and thus is a force that tends to narrow the airways. Indeed, during periods of maximum expiratory flow, pleural pressure exceeds the critical closing pressure of the airways, which become narrowed to slits. Despite the cartilaginous support of the larger airways, the membranous portion of the wall of the trachea and large bronchi invaginates under pressure to occlude the airways. Maximum flow under this circumstance is therefore determined by the resistance of the airways located upstream from the EPP, and the driving pressure is the difference between the alveolar pressure and the pressure at the EPP. In disease states in which there is increased airway resistance, the EPP moves toward the alveoli because of the greater intraluminal pressure drop. Thus, small airways are compressed during forced expiration with severe flow limitation. With the measurement of pressure-flow and flow-volume curves during forced expiration, it is possible to calculate resistance upstream and downstream from the point of critical closure, or EPP. Increasing the lung volume increases the tethering action of the surrounding lung on the airways, and therefore close attention must be paid to the lung volume at which resistance measurements are made during these studies.









Work of Breathing


Work is defined as the force over distance or three-dimensionally as pressure during changes in volume. Thus, the work performed by the respiratory pump is defined by the volume changes of the lungs when the respiratory muscles generate a given pressure. The volume-pressure relationships of the respiratory system depend on properties of the lung and chest wall tissues or the ease with which the airways allow the passage of air. A substantial portion of the pressure generated by the respiratory muscles is applied to produce reversible rearrangements of the structure of the alveolar gas–liquid interface and the fibrous network of the lungs. Another large portion of the effort of the respiratory muscles is directed at producing rearrangements or interactions that are not reversible. The energy spent in such an effort is directly transformed into heat, which is then dissipated into the atmosphere or carried away by the circulating blood. The magnitudes of the work and the pressures derived from these processes generally bear a relationship to the rate of gas flow in and out of the lungs. In this regard, the respiratory system exhibits a resistive behavior for which the driving pressure determines the flow of air. Both the elastic and the resistive components of the work of breathing are usually increased in children with respiratory disease.


Respiratory work normally accounts for about 3% of an individual’s total oxygen consumption. This work is increased in various diseases, and establishing a diagnosis and formulating a therapy in these patients is almost always simplified when the clinician distinguishes between conditions that affect primarily the elastic (restrictive respiratory disease) and resistive (obstructive respiratory disease) behaviors of the respiratory system.












Distribution of ventilation


The distribution of ventilation is influenced by several factors in the normal lung. The pleural pressure gradient results in a greater amount of the tidal volume going to the dependent areas of the lung (see Fig. 5-20). In addition, the rate at which an area of the lung fills and empties is related to both regional airway resistance and compliance. A decrease in an airway’s lumen increases the time required for air to reach the alveoli; a region of low compliance receives less ventilation per unit of time than an area with high compliance. The product of resistance and compliance (the “time constant”) is approximately the same in health for all ventilatory pathways. The unit of this product is time. Note the following:
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and
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The product, then, is a unit of time, analogous to the time constant in an electrical system, which represents the time taken to accomplish 63% of the volume change.


As mentioned earlier in the chapter, peripheral airways contribute little to overall airway resistance after 5 years of age. However, in the presence of small airway disease, some areas of the lung have long-time constants but those of others are normal. This is particularly evident as the frequency of respiration increases. With increasing frequency, air goes to those areas of the lung with short time constants. These areas then become relatively overdistended, and a greater transpulmonary pressure is required to inspire the same volume of air because alveoli in these relatively normal areas are reaching their elastic limit. Thus, a decreased dynamic compliance with increasing frequency of respiration has been used as a test of small airway disease and indeed may be the only mechanical abnormality detectable in the early stages of diseases such as emphysema and cystic fibrosis.


Airway closure occurs in dependent areas of the lung at low lung volumes. The lung volume above RV at which closure occurs is called the closing volume. In infants, very young children, and older adults, airway closure occurs at FRC and therefore is present during normal tidal breathing.39 This results in intermittent inadequate ventilation of the respective terminal lung units and leads to abnormal gas exchange, notably to a lower PaO2 seen in these age groups.









Pulmonary circulation






Physiologic Classification of Pulmonary Vessels


The pulmonary circulation is the only vascular bed to receive the entire cardiac output. This unique characteristic enables the pulmonary vascular bed to perform a wide variety of homeostatic physiologic functions. It provides an enormously large (approximately 120 to 130 m2) yet extremely thin surface for gas exchange, filters the circulating blood, controls the circulating concentrations of many vasoactive substances, and provides a large surface area for the absorption of lung liquid at birth. The nomenclature of the pulmonary vessels is at times confusing because the anatomic classification of the vessels often does not correspond to their physiologic role.


The anatomic and histologic characteristics of the pulmonary vasculature are described earlier in the chapter. It is important to understand that pulmonary vessels have been classified physiologically as extra-alveolar and alveolar vessels, fluid-exchanging vessels, and gas-exchanging vessels. When the outside of a vessel is exposed to alveolar pressure, it is classified as an alveolar vessel (capillaries within the middle of the alveolar septum), whereas extra-alveolar vessels (arteries, veins, and capillaries at the corner of alveolar septa) are intrapulmonary vessels that are subjected to a more negative pressure resulting from and approximating pleural pressure. The diameter of the extra-alveolar vessels is therefore greatly affected by lung volume, expanding as inspiration occurs. Although extra-alveolar vessels and alveolar vessels are subjected to different mechanical pressures, they are both classified as fluid-exchanging vessels because both leak water and protein and both can contribute to the production of pulmonary edema. The anatomic location of gas-exchanging vessels is unclear but is likely limited to the capillaries and smallest arterioles and venules.












Pulmonary vascular pressures


The pressure within the pulmonary circulation is remarkably low, considering that it receives the entire cardiac output (5 L/min in the adult human). Beginning a few months after birth, pulmonary arterial pressures are constant throughout life, with the average mean pulmonary arterial pressure being 15 mm Hg and the systolic and diastolic pressures being 22 mm Hg and 8 mm Hg, respectively. The pulmonary venous pressure is minimally higher than the left atrial pressure, which averages 5 mm Hg. The pressure within human lung capillaries is unknown, but work in isolated dog lungs suggests it is 8 to 10 mm Hg, approximately halfway between the mean arterial and venous pressures. These values refer to pressures at the level of the heart in the supine position; because of gravity, pulmonary arterial pressures will be near zero at the apex of the upright adult lung and close to 25 mm Hg at the base. Depending on their location, vessels have different pressures on their outside walls. As defined previously, the alveolar vessels are exposed to alveolar pressure, which fluctuates during the respiratory cycle but will average out close to zero. In contrast, the extra-alveolar vessels are exposed to a negative fluid pressure on their outer walls, estimated to be between − 6 and − 9 cm H2O. The pressure on the outside of the pulmonary vessel is not a trivial matter, because the transmural pressure (inside pressure–outside pressure), rather than the intravascular pressure, is the pertinent hydrostatic pressure influencing vascular distention and the transvascular movement of water and protein (see Chapter 38).









Pulmonary vascular resistance


The resistance to blood flow through the lungs can be calculated by dividing the pressure across the lungs by the pulmonary blood flow.
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A decrease in resistance to blood flow can occur only through (1) an increase in the blood vessels’ lumenal diameters or (2) an increase in the number of perfused vessels. Each of these will contribute to an increase in the cross-sectional diameter of the pulmonary vascular bed. The diameter of an already open pulmonary vessel can be increased by decreasing the muscular tone of the vessel wall (e.g., with a vasodilating agent) or by increasing the transmural pressure (e.g., through increased pulmonary arterial or left atrial pressure). Previously unperfused pulmonary vessels may be opened up (“recruited”) when their transmural pressure exceeds their critical opening pressure. This occurs when intravascular pressures are raised or when a vasodilator has decreased the vessels’ critical opening pressure. An increase in cardiac output decreases the calculated pulmonary vascular resistance (PVR). This is important to remember when assessing vasodilating drugs; studies have been performed in which drugs were found to increase cardiac output substantially so that the calculated PVR falls. This decrease in resistance does not ensure that a particular drug has any direct vasodilating action at all, because the entire decrease in PVR may have resulted from its cardiac effects.


The interrelationship between lung volume and PVR is complex and is influenced by pulmonary blood volume, cardiac output, and initial lung volume. The principal reason for this complex relationship is that a change in lung volume has opposite effects on the resistances of the extra-alveolar and alveolar vessels. As the lung is inflated, the radial traction on the extra-alveolar vessels increases their diameter, whereas the same increase in lung volume increases the resistance to flow through the alveolar vessels (which constitutes 35% to 50% of the total PVR). It is reasonable to say, however, that PVR is at its minimum at FRC, and any change in lung volume (increase or decrease) will increase the PVR (Fig. 5-21).
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Figure 5-21 Effect of lung volume on pulmonary vascular resistance when the transmural pressure of the capillaries is held constant. At low lung volumes, resistance is high because the extra-alveolar vessels become narrow. At high volumes, the capillaries are stretched, and their caliber is reduced.


(From West JB. Respiratory Physiology—The Essentials. Baltimore: Williams & Wilkins, 1974.)





Active changes in PVR can be mediated by neurogenic stimuli, vasoactive compounds, or chemical mediators. The normal adult pulmonary circulation appears to be maximally dilated, since no stimulus has been found that can further dilate the pulmonary vessels. In contrast, the neonatal lung or the vasoconstricted adult lung vasodilates in response to a variety of agents, including nitric oxide, acetylcholine, β-agonist drugs, bradykinin, prostaglandin E, and prostacyclin.


The pulmonary circulation can undergo significant vasoconstriction, which is surprising in view of the paucity of muscle in postnatal lung vessels. Hypoxia is the most common potent pulmonary vasoconstricting agent. Hypoxic vasoconstriction, which occurs when the alveolar PO2 falls below 50 to 60 mm Hg, is a local response independent of neurohumoral stimuli. Although many suggestions have been made, the exact mechanism of hypoxia-induced vasoconstriction is unknown. Acidosis acts synergistically with hypoxia to constrict the pulmonary vessels; however, it is unlikely that CO2 alone has any direct effect on the pulmonary circulation in humans. Stimulation of the pulmonary sympathetic nerves results in a weak vasoconstrictive response in the dog lung but little or no response in the normal human adult pulmonary circulation. Vasoactive substances (e.g., histamine, fibrinopeptides, prostaglandins of the F series, and leukotrienes) are capable of constricting the pulmonary vascular bed. It had been believed that vasoconstriction in the pulmonary circulation took place predominantly, if not exclusively, within the arterial section of the vascular bed. However, it has been demonstrated that other regions of the bed may narrow in response to stimuli. For example, hypoxia can constrict the pulmonary venules of newborn animals and might increase resistance within the capillary bed by inducing constriction of myofibroblasts that are located within the interstitium of the alveolar-capillary membrane. The fetal and neonatal pulmonary circulation contains a large amount of smooth muscle, which enhances the response to vasoconstrictive stimuli.









Distribution of blood flow


Blood flow is uneven within the normal lung and is influenced by the vascular branching pattern and gravity that when standing results in more blood flow being directed to the dorsal caudal regions and less to the cephalad regions. Gravitational forces are largely responsible for the increasing flow from apex to base because the intravascular pressure of a given blood vessel is determined by the pulmonary arterial pressure immediately above the pulmonary valve and the blood vessel’s vertical distance from the pulmonary valve. Thus, with increasing height above the heart, the pulmonary arterial pressure decreases and less perfusion occurs. The opposite occurs for vessels located in the lung bases, and together these gravitational effects are responsible for a pressure difference of approximately 23 mm Hg between apical and basal pulmonary arteries.


These regional differences in lung perfusion are best understood in terms of West’s zones of perfusion (Fig. 5-22). West’s zone I occurs when mean pulmonary arterial pressure is less than or equal to alveolar pressure, and as a result no blood flow occurs (except perhaps during systole). Zone I conditions are present in the apices of some upright adults and result in unperfused yet ventilated lung units (alveolar dead space). Moving down from the lung apices, pulmonary arterial pressure becomes greater than alveolar pressure, with the latter being greater than venous pressure. These are zone II conditions, and blood flow is determined by the difference between arterial and alveolar pressures and is not influenced by venous pressure; an appropriate analogy would be that of a vascular “waterfall,” in which the flow rate is independent of the height of the falls. In zone III, left atrial pressure exceeds alveolar pressure, and flow is determined in the usual manner (i.e., by the arterial-venous pressure gradient).
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Figure 5-22 Model to explain the uneven distribution of blood flow in the lung based on the pressures affecting the capillaries.


(From West JB, Dollery CT, Naimark A. Distribution of blood flow in isolated lung. Relation to vascular and alveolar pressures. J Appl Physiol. 1964;19:713.)












Methods of evaluating the pulmonary circulation


The chest radiograph is the most basic noninvasive and nonquantitative tool for determining the possible presence of pulmonary vascular disease. Prominence of the pulmonary outflow tract occurs when the elevated pressure distends the elastic main pulmonary arteries. Vascular markings may be increased or decreased; the former occurs when there is elevated pulmonary blood flow or volume without vascular remodeling, and the latter occurs when there is distal “pruning” of the vessel’s image when vascular remodeling has occurred. Computerized axial tomography and magnetic resonance imaging provide greater detail of the right ventricle and pulmonary vessels.


Echocardiography is able not only to assess the structure and function of the right ventricle but also to provide a reasonable estimate of right ventricular pressure by assessing the small retrograde flow through the tricuspid valve that frequently occurs in significant pulmonary hypertension. Quantitative assessment of regional pulmonary blood flow can be made with intravenous injections of macroaggregates of albumin labeled with technetium99m. The macroaggregates occlude a very small portion of the pulmonary vascular bed. The amount of regional blood flow can be determined by imaging the lungs with a large field-of-view gamma camera and determining the count rate with a computer. The perfusion lung scintigram can be combined with a ventilation scintigram performed with either a radioactive gas (e.g., xenon 133 or krypton81m) or a radiolabeled (99mTc–diethylenetriamine-pentacetic acid) aerosol that is distributed like a gas.


Regional pulmonary angiography further delineates localized disturbance in blood flow, although the procedure requires cardiac catheterization. Direct measurements of pulmonary artery and pulmonary artery occlusion (“wedge”) pressures add further information. Occasionally, drugs can be infused into the pulmonary artery to evaluate the potential reversibility of pulmonary hypertension.


Further details regarding the pathobiology and treatment of pulmonary hypertension are available elsewhere43,44 and in Chapter 72.









Muscles of respiration


The importance of the muscles of respiration derives from the fact that these muscles, like the myocardium, can fail under abnormal circumstances and can induce or contribute to an impending or existing ventilatory failure.


The principal muscle of respiration is the diaphragm, a thin musculotendinous sheet that separates the thoracic from the abdominal cavity. In adults its contraction causes descent of its dome and aids in elevation of the lower ribs, the latter referred to as the “bucket handle effect.” Some work indicates that the diaphragm has two separate but related functions. The costal part of the diaphragm (largely innervated by C5) acts to stabilize and elevate the lower rib cage during contraction. The vertebral (crural) portion (largely innervated by C3), a much thicker muscle, descends with contraction and is largely responsible for the volume change that occurs.


Three anatomic characteristics of the infant’s chest wall and diaphragm lead to decreased diaphragmatic efficiency and a lower fatigue threshold. First, the infant’s chest wall is highly compliant,40 so that when there is respiratory disease there is increased work. Second, the diaphragm is less effective as a result of its higher position within the chest and less apposition to the rib cage. Third, the infant’s ribs are more horizontal, which lessens the bucket handle effect.45


Other skeletal muscles located in the chest or abdominal wall (e.g., the intercostals, scalenes, and abdominal muscles) can play an important role in ventilation. During normal breathing, most of the accessory muscles are silent. However, during abnormal conditions or disease states, these muscles are recruited to stabilize the chest or abdominal wall so that the diaphragm may be more efficient. In addition, it has been demonstrated that the external intercostal muscles contract in acute asthmatic attacks not only during inspiration but also during expiration; this contraction maintains a higher lung volume and hence increases airway diameter. When airways are occluded during inspiration, abdominal muscles contract powerfully during expiration, pushing the abdominal contents and diaphragm toward the thoracic cavity. This action lengthens diaphragmatic fibers and enhances the capability of the diaphragm to generate force during the subsequent inspiration (length-tension curve).


The upper airways must be kept patent during inspiration, and therefore the pharyngeal wall muscles, genioglossus, and arytenoid muscles are properly considered muscles of respiration. There is an increase in neural output to these muscles immediately before diaphragmatic contraction during inspiration. The newborn also contracts these muscles during expiration to provide an expiratory outflow resistance and thus keeps end-expiratory volume greater than the FRC.


Respiratory muscles, whether the diaphragm, upper airway, intercostal, or abdominal muscles, are not homogeneous muscles in terms of their cellular structure, blood supply, metabolism, and recruitment patterns. Adult mature skeletal muscles have a mixture of fibers, and respiratory muscles are no different. The adult diaphragm, for instance, is made of fast- and slow-twitch fibers. Slow-twitch fibers are oxidative, and fast-twitch fibers are either glycolytic or moderately oxidative. Slow-twitch fibers are fatigue resistant—they are recruited first during a motor act; they generate low tensions; and they usually have a higher capillary/fiber ratio than fast fibers. Fast-twitch fibers can be either fatigue resistant (fast, moderately oxidative) or fast fatiguing (fast glycolytic); they are recruited during motor acts that require large force output. Thus, during normal quiet breathing, it is presumed that only the slow-twitch fibers in the diaphragm are active. In contrast, at the height of an acute attack of croup, asthma, or bronchiolitis during which muscle contractions are strong, both fiber types can be active, with the fast fibers generating the bulk of the force.


Muscle fiber composition, innervation, and metabolism are different in early life. The process of muscle fiber differentiation and interaction with the central nervous system is a continuous process, starting in utero and continuing postnatally. For example, slow oxidative fibers increase in utero and postnatally, whereas fast glycolytic fibers decrease postnatally. Polyneuronal innervation transforms into one motoneuron = one muscle fiber—the adult type of innervation—postnatally. Whether the young infant’s ability to resist muscle fatigue is jeopardized by premature muscle fiber composition, innervation, and metabolism is not known and deserves further investigation.


Respiratory muscle fatigue may arise from central drive fatigue, neural transmission fatigue, contractile fatigue, or a combination of these three phenomena. Many factors predispose respiratory muscles to fatigue. Factors that increase fuel consumption (e.g., increased loads with disease); limit fuel reserves (e.g., malnutrition); alter acid-base homeostasis (e.g., acidosis); modify the oxidative capacity, glycolytic capacity, or both of the muscle (e.g., decreased activity of the muscle and possible atrophy after prolonged artificial ventilation); and decrease the oxygen availability to the muscle (e.g., anemia, low cardiac output states, hypoxemia) all predispose the diaphragm to failure. Reactive oxygen species (free radicals) produced by the contracting diaphragm are also thought to play a role in causing fatigue, particularly in conditions of ischemia/reperfusion and sepsis. In addition, changes in the external milieu of the muscle cell (e.g., low phosphate levels or the presence of certain drugs such as anesthetics) can limit the contractile ability and lead to premature muscle fatigue.


Diaphragmatic muscle function can be assessed clinically by observing the movements of the abdominal wall. During normal inspiration and with the contraction of the diaphragm, the abdominal contents are pushed away from the thorax. Because the abdominal wall is normally compliant during inspiration, the abdominal wall moves out to accommodate the increased pressure from the contracting diaphragm. With diaphragmatic fatigue, weakness, or paralysis, it is possible to observe an inward motion of the abdominal wall. Through the action of other respiratory muscles (intercostals), a drop in pressure occurs in the thorax during inspiration. Because of the “passive” behavior of the fatigued diaphragm, this pressure drop is transmitted to the abdomen, hence the movement of the abdominal contents toward the thoracic cavity.


The highly compliant chest wall in the newborn infant limits its expansion during inspiration. The chest wall becomes even more unstable during REM sleep, when intercostal muscle activity is inhibited and the rib cage is more prone to distortion. This creates an added load and the potential for diaphragmatic fatigue.


A patient’s respiratory muscle strength can be measured using various techniques,46 all of which are effort dependent. These include maximum inspiratory and expiratory pressures, sniff pressures, and indirectly by maximal cough flows. If the airway is occluded during normal breathing, the infant,47 child, and adult diaphragm are all capable of generating airway pressures of greater than 100 cm H2O during a maximal inspiratory effort. In the laboratory, respiratory muscle function can be assessed in more detail (e.g., using electromyographic measurements during repeated stimulation of the phrenic nerve). The measurement of transdiaphragmatic pressure (Pdi) by placing balloon catheters just above (esophageal) and below (gastric) the diaphragm can provide a surrogate measure for muscle strength and susceptibility for fatigue, the time tension index (TTI):




TTI = (PDI/PDImax) * (TI/TTOT)


PDI = mean transdiaphragmatic pressure


PDImax = maximal transdiaphragmatic pressure


TI = inspiratory time


TTOT = respiratory cycle time





In adults, when the TTI is less than 0.1, it is unlikely that diaphragmatic fatigue will occur.


A less invasive measure involves measuring inspiratory pressures at the mouth instead of across the diaphragm. In this situation,
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The caveat for using mouth pressures is that it provides a measurement of force generation during the duty cycle by all respiratory muscles and not just the diaphragm. A TTI > 0.15 has been used to predict unsuccessful extubations in ventilated children.


To consider the main respiratory muscles—the diaphragm and the intercostal muscles—as the only respiratory muscles for breathing is insufficient, especially during stressful conditions or disease states. A number of muscles, such as the alae nasi, pharyngeal wall muscles, genioglossus, posterior cricoarytenoid, and thyroarytenoid, can play major roles in airway patency and hence in ventilatory output. Data indicate that upper airway muscles are strongly recruited during obstructive disease or during inspiratory occlusion, and that blood flow increases considerably to some of them (e.g., genioglossus). How prone these muscles are to fatigue under increased loads is unknown. How different these muscles are in terms of their structure, metabolism, and function in the neonate versus the adult is unclear and needs further research.


Because of the number of muscles involved, their location, and their function, the coordination of respiratory muscles becomes increasingly complex. The motor act of respiration should no longer be viewed as the result of one or two muscles contracting during inspiration and relaxing during expiration. At rest and even more so during disease states, the active coordination of various muscles becomes functionally very important. Defecation, sucking, and talking all involve the activation of several muscles that are shared by the respiratory apparatus for generating adequate ventilation. In some cases, obstructive apneas can actually be the result of muscle incoordination, with the diaphragm contracting when upper airway muscles that normally hold the airway open are relaxed.









Gas exchange


The vital process of gas exchange occurs in the terminal respiratory unit. The previous sections of this chapter deal with the problems of moving air and blood to and from these gas-exchanging units. This section focuses on the fate of gas once it is introduced into the lungs, how it is transferred from the alveolar space to the bloodstream, and how ventilation and perfusion are matched.


In Figure 5-23, the partial pressures of oxygen and carbon dioxide are depicted at various stages of the pathway from ambient air to the tissues. Because nitrogen is inert, changes in its partial pressure (PN2) in the gas phase depend on changes in the partial pressures of oxygen and carbon dioxide—gases that are utilized and excreted, respectively. In contrast, PN2 in blood and tissue is identical because nitrogen is inert. The rather complex influences of dead space, alveolar ventilation, ventilation-perfusion relationships, and tissue metabolism on the partial pressures of oxygen and carbon dioxide are discussed in some detail, and frequent reference to Figure 5-23 is useful in clarifying some of the concepts.
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Figure 5-23 A and B, Partial pressures of oxygen and carbon dioxide in different portions of the airway and blood.











Alveolar ventilation


One component of the tidal volume (VT) is the anatomic dead space, VD (consisting of the nose, mouth, pharynx, larynx, trachea, bronchi, and bronchioles), where no significant exchange of oxygen and carbon dioxide with blood takes place. The other component of the VT, VA, undergoes gas exchange in the alveoli. Alveolar ventilation per minute is measured by the following equation:
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In practice, VD is difficult to measure, so the alveolar ventilation equation is used. Since all expired CO2 comes from the alveolar gas,
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The %CO2/100 is the fractional concentration of CO2 in the alveolar gas (FACO2), which can be measure by a rapid CO2 analyzer. FACO2 can be converted to partial pressure of CO2 by multiplying by PB − 47 mm Hg. Thus,
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In normal subjects, the PCO2 in alveolar gas (PACO2) is the same as the arterial PCO2 (PaCO2), which can be used to determine alveolar ventilation. Note the important relationship between alveolar ventilation and PaCO2. When VA is halved, then PaCO2 must double at a constant VCO2; when VA is doubled, PaCO2 is halved at a constant VCO2.









Dead space


The volume of the conducting airways is called the anatomic dead space (VDanat) and is approximately 25% of each tidal volume (VT). Anatomic dead space in milliliters is roughly equal to the weight of the subject in pounds (for a 7-pound baby, 7 or 8 mL; for an adult, 150 mL). In the normal premature infant, anatomic dead space is slightly higher than 30%. In practice, anatomic dead space is seldom measured but may be obtained by Fowler’s method, which requires that a single breath of oxygen be inspired. On expiration, both the volume of expired gas and the percentage of nitrogen are measured. The first portion of the expired gas comes from the dead space and contains little or no nitrogen. As the breath is expired, the percentage of nitrogen increases until it “plateaus” at the alveolar concentration. By assuming that all the initial part of the breath comes from the anatomic dead space and all the latter portion from the alveoli, the anatomic dead space can be calculated. The same measurements can be made by monitoring the expired carbon dioxide concentration. In practice, anatomic dead space is difficult to define accurately, because it depends on lung volume (greater at large lung volumes when the airways are more distended) and on body position (smaller in supine position).


Physiologic dead space may be measured by making use of the argument originally developed by Bohr. Since all of the expired CO2 (FECO2) comes from the alveolar gas (FACO2) and none from the dead space,
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And since VA = VT – VD, then





[image: image]




and
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And since the partial pressure of a gas is proportional to its fractioned concentration (F),
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Or, since alveolar PCO2 and arterial PCO2 are identical in normal subjects,
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It is now quite clear that VDphys must be defined according to the gas being measured. Because oxygen is more diffusible in the gas phase than is carbon dioxide, physiologic dead space using oxygen or various inert gases is different from the CO2 dead space. However, VDphys measurements using CO2 are helpful in assessing patients because they reflect the portion of each breath that participates in gas exchange, particularly with respect to CO2. An elevated VDphys indicates that areas of the lung are being underventilated in relationship to the amount of blood flowing through the region.


From the foregoing discussion, it is apparent that a VT must be chosen that will allow adequate alveolar ventilation. For example, an adult might breathe 60 times per minute with a VT of 100 mL for a minute ventilation of 6 L. Nevertheless, alveolar ventilation under these circumstances may be inadequate because primarily the dead space is ventilated. In selecting suitable volumes and rates for patients on respirators, it is useful to approximate normal values and to consider adequate alveolar ventilation rather than total ventilation. A discussion of high-frequency ventilation is beyond the scope of this chapter.






Alveolar Ventilation and Alveolar Gases


The amount of alveolar ventilation per minute must be adequate to keep the alveolar PO2 and PCO2 at values that will promote the escape of carbon dioxide from venous blood and the uptake of oxygen by pulmonary capillary blood. In health at sea level, this means that PAO2 is approximately 105 to 110 mm Hg and PACO2 is 40 mm Hg (Fig. 5-24).
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Figure 5-24 The effect of changing alveolar ventilation on alveolar gas and arterial blood oxygen, carbon dioxide, and pH.


(From Comroe JH Jr, Forster RE II, Dubois AB, et al: The Lung, 2nd ed. Chicago: Year Book Medical, 1962.)





Arterial PO2 is markedly affected by the presence of right-to-left shunts, and therefore it is not a good measurement of the adequacy of pulmonary ventilation. PaCO2 is minimally affected in the presence of shunts because Pv–CO2 is 46 mm Hg and PaCO2 is 40 mm Hg. If one third of the cardiac output is shunted, this raises PaCO2 to only 42 mm Hg. Thus, the arterial PCO2 is the optimum measurement of the adequacy of alveolar ventilation. When alveolar ventilation halves, PaCO2 doubles; when alveolar ventilation doubles, PaCO2 halves. Hyperventilation is defined as a PaCO2 less than 35 mm Hg, and hypoventilation as a PaCO2 greater than 45 mm Hg. Hypoventilation can occur as a result of respiratory center malfunction (e.g., congenital hypoventilation syndrome) or depression (e.g., anesthetics) or when there is profound disease involving the lung, chest wall, or respiratory muscles such that effective alveolar ventilation cannot be maintained. Inspired air has a fraction of inspired oxygen (FIO2) of 0.2093, and it is “diluted” in the alveoli by the FRC of air containing carbon dioxide and water vapor, so the partial pressure of oxygen in alveolar gas must be less than that of the inspired air (PIO2; see earlier discussion of Dalton’s law). PAO2 must be calculated from the alveolar air equation. When oxygen consumption equals carbon dioxide production, then,
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If PACO2 is 40 mm Hg, then PAO2 is 110 mm Hg. Usually the respiratory exchange ratio (R) is 0.8, or more oxygen is consumed than carbon dioxide eliminated, thereby decreasing PAO2 slightly more than would be expected from the dilution of PACO2. To account for changes in R, a useful form of the alveolar air equation for clinical purposes is
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When PACO2 is 40 and R is 0.8, PAO2 is 100 mm Hg. Note that breathing 40% oxygen raises PAO2 to 235 mm Hg because FIO2 is now 0.40. Note that this equation is less accurate during oxygen breathing when more arduous forms of the alveolar air equation may be used. However, this inaccuracy is seldom of importance in the clinical setting.


Because the partial pressures of alveolar gases must always equal the same total pressure, any increase in one must be associated with a decrease in the other. For example, if PaCO2 is 80 mm Hg and the patient is breathing room air (assuming an R of 0.8), the highest that PAO2 can be is 50 mm Hg.












Diffusion






Principles


According to Henry’s law of diffusion, the diffusion rate for gases in a liquid phase is directly proportional to their solubility coefficients. For example, in water,
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Therefore, carbon dioxide diffuses more than 24 times as fast as oxygen. The diffusion rate of a gas in the gas phase is inversely proportional to the square root of molecular weight (Graham’s law). Therefore, in the gas phase,
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That is, carbon dioxide diffuses slower in the gas phase than does oxygen. Combining Henry’s and Graham’s laws for a system with both a gas phase and a liquid phase (e.g., alveolus and blood): carbon dioxide diffuses 24.3 × 0.85 ≅ 20.7 times as fast as oxygen.


The barriers through which a gas must travel when diffusing from an alveolus to the blood include the alveolar epithelial lining, basement membrane, capillary endothelial lining, plasma, and red blood cell. As observed on electron micrographs of lung tissue, the thinnest part of the barrier is 0.2 μm but may be as much as three times this thickness.


Fick’s law of diffusion, modified for gases, states:
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The amount of gas (Q) diffusing through a membrane is directly proportional to the surface area available for diffusion (S), the pressure difference of the two gases on either side of the membrane, and a constant (K) that depends on the solubility coefficient of the gas and the characteristics of the particular membrane and liquid used, and is inversely proportional to the distance (d) through which the gas has to diffuse. In the lung of a given subject, exact values for K, S, and d are unknown. Therefore, for the lung, Bohr and Krogh suggested “diffusing capacity” (DL). DL is simply the inverse of the total resistance to diffusion and can be expressed as the sum of the individual component resistances:
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where 1/DM is the resistance to diffusion of the gas across the alveolar-capillary membrane, plasma, and red blood cell membrane; θ is the reaction rate of the gas with hemoglobin; and Vc is the pulmonary capillary blood volume.









Measurement


Carbon monoxide and oxygen have been used to measure DL. Although the diffusing capacity of the lung for oxygen (DLO2) has been measured, the process is both complicated and fraught with technical problems because the average capillary oxygen tension must be determined. For this reason, and because a defect in DLO2 is rarely the cause of hypoxemia, it is not used in the clinical setting. Carbon monoxide (CO), however, has been used extensively in children to test diffusing capacity. The advantage of using CO is its remarkable affinity for hemoglobin, some 210 times that of oxygen, and therefore the capillary PCO is negligible and offers no back-pressure for diffusion. To calculate the DLCO, one need know only the amount of CO taken up per unit time and the PACO.


Many techniques have been developed to measure the DLCO, but only two are discussed. The measurement of steady-state DLCO is performed by having the patient breathe a gas mixture containing 0.1% CO for several minutes. Although this measurement requires only a little patient cooperation, its disadvantage is that the value obtained is strongly influenced by maldistribution of the inspired air; if the inhaled gas mixture is not distributed properly to all parts of the lung, the measured DLCO will be decreased but not because of changes in DM, θ, or Vc.


The second technique, the measurement of single-breath DLCO, is less affected by airway disease. In this test, the subject takes a single large breath (from RV to TLC) of a CO-containing gas mixture. Following a 10-second breath-hold, the expired gases are collected so that PACO can be determined.


The difference between these two techniques is exemplified by the patient with acute asthma, in whom the steady-state DLCO value will be decreased, whereas the single-breath DLCO value will be normal or increased. Another advantage of the single-breath DLCO method results from the inclusion of helium in the inspired gas. This inert gas allows the DLCO to be corrected for the alveolar volume in which it was distributed, a measurement known as KCO:
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The KCO is the most useful parameter for comparing the DL of children of different ages and hence different lung volumes. In addition, the KCO helps differentiate among simple loss of lung units (atelectasis), a decrease in pulmonary blood volume (emphysema), and the (albeit rarely seen) true diffusion defect.


The DLCO increases throughout childhood, is related to lung growth, and correlates best with subject height or body surface area. Clinically, a reduction in DLCO may occur for many reasons, including surgical lung resection, diffuse lung disease (pulmonary fibrosis, cystic fibrosis), and emphysematous destruction of the alveolar-capillary membrane. In addition, anemia may decrease the DLCO, and equations to correct the DLCO for anemia are available. Increases in DLCO rarely occur and usually result from pulmonary vascular engorgement (increased Vc) or pulmonary hemorrhage (e.g., Goodpasture’s syndrome and idiopathic pulmonary hemosiderosis).


It is important to note that with a nonexercising patient, impaired diffusion of oxygen from the alveolar air to the pulmonary capillary is rarely the cause of a low PaO2. Diffusion limitation may occur during exercise in patients with interstitial lung disease. Hypoxemia in pulmonary diseases usually results from alveolar hypoventilation or an imbalance between ventilation and perfusion of lung units. Thus, low DLCO values almost always reflect abnormalities in gas exchange rather than true diffusion defects.












Shunt and ventilation-perfusion relationships


There are four pulmonary causes of arterial hypoxemia. We have already discussed two of these—alveolar hypoventilation and diffusion defects. The remaining two, intrapulmonary shunt and ventilation-perfusion defects, result from abnormalities in the distribution of the ventilation and perfusion of the gas-exchanging units.


Shunt refers to blood that reaches the systemic circulation without coming in direct contact with a ventilated area of the lung. Because this blood is deoxygenated, it lowers the PaO2. There are several causes of shunt. In normal lungs, a small amount of shunt is present because the Thebesian veins and a portion of the bronchial vascular flow drain into the left side of the heart. Pathologic shunts result when abnormal vascular channels exist, as in cyanotic congenital heart disease or pulmonary arteriovenous fistula. Shunt, however, most commonly occurs in diseased lungs because alveoli are not ventilated but are still being perfused. This condition, known as intrapulmonary shunting, occurs in a variety of lung diseases, including pulmonary edema, atelectasis, and pneumonia.


A characteristic feature of shunt is that the resultant hypoxemia cannot be corrected by breathing pure oxygen, a reasonable consequence because, by definition, shunted blood does not pass ventilated lung units. One caveat is that when patients are placed on high oxygen concentrations, a very small increase in PaO2 may occur because the blood-perfusing ventilated units will depart those units with higher amounts of dissolved oxygen. The characteristic that shunt is very poorly responsive to breathing pure oxygen can be a useful clinical tool; if PaO2 is less than 500 mm Hg while the subject is breathing 100% oxygen, a significant shunt is present. If mixed venous (pulmonary arterial) blood is available for measurement (or a mixed venous oxygen concentration is assumed), the amount of shunt can be calculated at any inspired oxygen concentration using the shunt equation:
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and


Amount of oxygen = content of oxygen per liter (CO2) × blood flow ([image: image]).


Therefore,
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where [image: image]is total blood flow. Since [image: image]c = [image: image]t − [image: image]s,
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and
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where [image: image]s/[image: image]t is the fraction of the total cardiac output that is shunted.


The average ratio between alveolar ventilation and blood flow (VA/Q) is 0.8, but even in the normal lung may range from near zero (not ventilated) to infinity (not perfused). Nevertheless, the most common cause of arterial hypoxemia is a result of mismatch of ventilation and perfusion within the lung, which increases the normal scatter of VA/Q values around the mean value. When a lung unit receives inadequate ventilation relative to its blood flow, PACO2 rises (toward the mixed venous value of 46 mm Hg) and PAO2 falls (toward the mixed venous value of about 40 mm Hg) and the oxygen content of the end-capillary blood falls. When this blood mixes with blood coming from normal VA/Q regions of the lung, the result is a lowering of oxygen concentration and arterial hypoxemia (so-called shunt-like effect). In contrast to what occurs in a true shunt, administration of an enriched oxygen mixture will correct the hypoxemia due to ventilation-perfusion mismatch, by raising PAO2 (PN2 must decrease in order to keep the sum of the partial pressures of gases equal to PB). The increased PAO2 results in an increased concentration of oxygen in the pulmonary capillary blood.


Whatever the absolute amount of regional ventilation and perfusion, the lung has intrinsic regularity mechanisms that are directed toward the preservation of normal [image: image]A/[image: image]ratios. When [image: image]A/[image: image]is high, the low carbon dioxide concentration results in local constriction of airways and tends to reduce the amount of ventilation to the area. When [image: image]A/[image: image]is low, the high alveolar carbon dioxide concentration results in local airway dilation and tends to increase ventilation to the area. Furthermore, a low [image: image]A/[image: image]with an associated low alveolar oxygen concentration causes regional pulmonary vasoconstriction and produces a redistribution of blood flow to healthier lung units. These effects on airways and vessels from changing gas tensions tend to preserve a normal [image: image]A/[image: image], but they are limited mechanisms, and derangements are common with pulmonary disease.









Systemic gas transport






Oxygen Transport


Once oxygen molecules have passed from the alveolus into the pulmonary capillary, they are transported in the blood in two ways. A small proportion of the oxygen exists as dissolved oxygen in the plasma and water of the red blood cell. For 100 mL of whole blood equilibrated with a PO2 of 100 mm Hg, 0.3 mL of oxygen is present as dissolved oxygen. If this represented the total oxygen-carrying capacity of blood, cardiac output would have to be greater than 80 L/min to allow 250 mL of oxygen to be consumed per minute. During 100% oxygen breathing, PaO2 is approximately 650 mm Hg, and 100 mL of blood contains 2.0 mL of dissolved oxygen; a cardiac output of about 12 L/min would be required if no hemoglobin were present and if the tissues could extract all of the oxygen.


Because 1 g of hemoglobin can combine with 1.39 mL of oxygen, between 40 and 70 times more oxygen is carried by hemoglobin than by the plasma, enabling the body to achieve a cardiac output at rest of 5.5 L/min with an oxygen uptake of 250 mL/min.


The potential usefulness of hyperbaric oxygen (i.e., oxygen under very high pressures) for a variety of clinical conditions is due to the fact that at a pressure of 3 atmospheres (absolute) (PAO2 of about 1950 mm Hg), approximately 6.0 mL of oxygen is dissolved in 100 mL of whole blood, and this amount can meet the metabolic demands of the tissues under resting conditions, even when no hemoglobin is present.


The remarkable oxygen-carrying properties of blood depend not on the solubility of oxygen in plasma but on the unusual properties of hemoglobin. Figure 5-25 illustrates the oxyhemoglobin dissociation curve, showing that hemoglobin is nearly 95% saturated at a PO2 of 80 mm Hg. The steep portion of the curve, up to about 50 mm Hg, permits large amounts of oxygen to be released from hemoglobin with small changes in PO2. Under normal circumstances, 100% oxygen breathing will raise the amount of oxygen carried by the blood by only a small amount, because at a PO2 of 100 mm Hg, hemoglobin is already 97.5% saturated. Even with air breathing, one is on the flat portion of the curve. The presence of a right-to-left shunt markedly affects PO2 but may reduce the percentage saturation only minimally. For example, a 50% shunt with venous blood containing 15 mL of oxygen/ 100 mL will reduce the oxygen content of 100 mL of blood only from 20 mL to 17.5 mL. The blood is still 88% saturated, but PaO2 is now 60 mm Hg instead of 100 mm Hg. Thus, the change in oxygen content is linearly related to the amount of right-to-left shunt, but the change in PO2 is not, because the oxyhemoglobin dissociation curve is S shaped. It is also apparent that at levels greater than 60 mm Hg, PaO2 is a more sensitive measure of blood oxygenation because neither percentage saturation nor oxygen content changes as much as PO2 in this range. However, at PO2 below about 60 mm Hg, relatively small changes of PO2 produce large changes in saturation and content, and in this range the measurement of content may be more reliable than the measurement of PO2.
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Figure 5-25 Oxyhemoglobin dissociation curves. The large graph shows a single dissociation curve, applicable when the pH of the blood is 7.40 and temperature is 38° C. The blood oxygen tension and saturation of patients with carbon dioxide retention, acidosis, alkalosis, fever, or hypothermia will not fit this curve because it shifts to the right or left when temperature, pH, or PCO2 is changed. Effects on the oxyhemoglobin dissociation curve of change in temperature (upper left) and in PCO2 and pH (lower right) are shown in the smaller graphs. A small change in blood pH occurs regularly in the body (i.e., when mixed venous blood passes through the pulmonary capillaries, PCO2 decreases from 46 to 40 mm Hg, and pH increases from 7.37 to 7.40). During this time, blood changes from a pH of 7.37 dissociation curve to a pH of 7.40 dissociation curve. Note that increased 2,3-diphosphoglycerate also shifts the curve to the right.


(From West JB: Respiratory Physiology—The Essentials, 5th ed. Baltimore: Lippincott Williams & Wilkins, 1995.)





The oxyhemoglobin dissociation curve is affected by changes in pH, PCO2, and temperature. A decrease in pH, an increase in PCO2 (Bohr effect), or an increase in temperature shifts the curve to the right, particularly in the 20 to 50 mm Hg range. Thus, for a given PO2, the saturation percentage is less under acidotic or hyperpyrexic conditions. In the tissues, carbon dioxide is added to the blood, and this facilitates the removal of oxygen from the red blood cells. In the pulmonary capillaries, carbon dioxide diffuses out of the blood, facilitating oxygen uptake by hemoglobin. An increase in temperature has an effect similar to that of an increase in PCO2 and thus facilitates oxygen removal from the blood by the tissues. Note that a patient who is pyrexic with carbon dioxide retention could not have a normal oxygen saturation during air breathing because of the Bohr and temperature effects on the oxyhemoglobin dissociation curve.


The erythrocyte concentration of 2,3-diphosphoglycerate (DPG) plays a major role in shifting oxyhemoglobin dissociation curves. DPG and hemoglobin are present in about equimolar concentrations in adult human red blood cells. There is strong binding between DPG and the β chain of hemoglobin, and this complex is highly resistant to oxygenation. Shifts of the dissociation curve to the right associated with an increased DPG concentration (e.g., in anemia) facilitate the release of oxygen to the tissues. Because erythrocyte DPG concentration can change within a matter of hours, a regulatory role for DPG in maintaining optimal tissue oxygenation has been suggested.


The fetal oxyhemoglobin dissociation curve is to the left of the adult curve at a similar pH. Thus, at a given PO2, fetal hemoglobin contains more oxygen than adult hemoglobin. This property ensures that an adequate amount of oxygen will reach fetal tissues, since the fetus in utero has a PaO2 of about 20 to 25 mm Hg in the descending aorta. The different affinity of fetal hemoglobin for oxygen results from its interaction with DPG. Both fetal and adult red blood cells have similar intracellular concentrations of DPG, but fetal hemoglobin, which has a γ chain instead of a β chain, interacts less strongly with this molecule; therefore, the fetal oxyhemoglobin curve is to the left of the adult curve. Fetal hemoglobin disappears from the circulation shortly after birth, and less than 2% is present by a few months of age. Normal fetal development is not dependent on differences in maternal and fetal hemoglobins, because in some species they are identical.


Abnormal hemoglobins differ in their oxygen-carrying capacity. For example, hemoglobin M is oxidized by oxygen to methemoglobin, which does not release oxygen to the tissues; a large amount is incompatible with life. The formation of methemoglobin by agents such as nitrates, aniline, sulfonamides, acetanilid, phenylhydrazine, and primaquine may also be life threatening. Congenital deficiency of the enzyme hemoglobin reductase is also associated with large amounts of methemoglobin, and affected patients are cyanotic in room air. Similarly, sulfhemoglobin is unable to transport oxygen. Carbon monoxide has 210 times more affinity for hemoglobin than oxygen, so it is important to note that PO2 may be normal in carbon monoxide poisoning but oxygen content will be reduced markedly.


Thus, a variety of factors may affect the position of the oxyhemoglobin dissociation curve. The position of the curve may be described by measuring the PO2 at which there is 50% saturation, the so-called P50. When the curve is shifted to the left, the P50 is low; when the curve is shifted to the right, the P50 is elevated. Although the P50 is the traditional method of describing the affinity of hemoglobin for oxygen (see Fig. 5-25), a more appropriate clinical measurement is the P90. This is the PaO2 at which the hemoglobin is 90% saturated and, as outlined in the following section, corresponds to the goal of oxygen therapy (Table 5-3).




Table 5-3 Effect of Temperature and Acute Respiratory Acidosis and Alkalosis on Hemoglobin Oxygen Affinity
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Assessment of Blood Oxygenation


It is challenging to assess oxygenation at the bedside because the degree of visible cyanosis is influenced by many factors, including the patient’s hemoglobin concentration and integrity of peripheral perfusion. Clinical cyanosis reflects the absolute concentration of deoxyhemoglobin (Hb), not the ratio of Hb to oxyhemoglobin (HbO2). Thus, the presence of anemia makes the clinical detection of a low PaO2 more difficult, whereas cyanosis may be present in polycythemic patients even though the PaO2 is only minimally decreased. It has been estimated that cyanosis will be seen when there is approximately 5 gm/dL of reduced hemoglobin (Hb) in the capillaries, which correlates with approximately 3 gm/dL in the arterial blood.48


HbO2 can be assessed using oximeters. The pulse oximeter is most commonly used to noninvasively assess a patient’s blood oxygenation. The pulse oximeter passes two different wavelengths of light—660 nm and 940 nm—through the patient’s tissues. HbO2 absorbs the 660-nm wavelength, whereas Hb absorbs the 940-nm wavelength; the oximeter then determines the ratio of HbO2/(HbO2 + Hb). The measurement is timed with the pulse of arterial blood and thus facilitates the measurement of an arterial-like Hb saturation value. Although appropriate in the majority of situations, it is important to remember the limitations of a pulse oximeter. It neither detects carboxyhemoglobin (HbCO) nor methemoglobin (metHb), and it will not work well if there is decreased perfusion or the patient has a dyshemoglobinemia. Technical issues, such as skin pigmentation, nail polish or motion artifacts, can also compromise the measurement. The Hb oxygen saturation of a blood sample can be directly analyzed using a co-oximeter, a device that uses multiple wavelengths of light to distinguish HbO2 from Hb, HbCO, and metHb. The use of a co-oximeter is mandatory when the clinician suspects carbon monoxide poisoning, as HbCO is pink, or if metHb is suspected.


The PaO2 of blood can be directly measured using the Clark oxygen electrode within a blood gas analyzer. Usually the hemoglobin saturation of a blood gas sample is calculated from the PaO2 using assumptions for various parameters, such as the p50 of the patient’s Hb, with correction for the patient’s core body temperature.


Normal values for HbO2 during infancy, as measured by pulse oximetry, and PaO2 from arterial blood samples, are illustrated in Figure 5-26.





[image: image]

Figure 5-26 Median baseline SaO2 (SpO2) for healthy term infants who were studied at each postanatal week from 2 to 25 weeks after birth. Variations in SpO2 with increasing age were not significant. Arterial PO2 as a function of age from infancy to 80 years of age. The figure represents the data from numerous studies.


(Median baseline SaO2 reproduced with permission from Hunt CE, Corwin MJ, Lister G, et al. Longitudinal assessment of hemoglobin oxygen saturation in healthy infants during the first 6 months of age. Collaborative Home Infant Monitoring Evaluation (CHIME) Study Group. J Pediatr. 1999;135:580–586; Arterial PO2 reproduced with permission from Murray JF. The Normal Lung: A Basis for the Diagnosis and Treatment of Pulmonary disease, 2nd ed. Philadelphia: Saunders, 1986.)





Today the usual clinical practice is to measure SaO2 with a pulse oximeter and to estimate PaCO2 by measuring the PCO2 of either a peripheral venous blood or arteriolized blood sample. The latter refers to a blood sample that was obtained after the extremity was warmed and received topical medications to increase capillary blood flow and bring the sample’s characteristics closer to those of arteriolar blood. In individuals who have adequate peripheral perfusion, it can be assumed that the PaCO2 will be 6 mm Hg or less than the peripheral venous CO2 gas tension (PvCO2). If the estimated PaCO2 is normal, or less than normal, then the clinician can be confident that the patient is not in hypercarbic respiratory failure. However, if the estimated PaCO2 is elevated, then the clinician must obtain an arterial sample to directly measure the PaCO2 because an elevated PCO2 in an arteriolized capillary or venous sample may indicate decreased peripheral perfusion. The PO2 and calculated SaO2 from an venous blood gas should be ignored.









Oxygen Delivery to Tissues


The cardiopulmonary unit not only must oxygenate the blood but also must transport oxygen to the systemic tissues in adequate amounts. The total oxygen delivery to the systemic tissues is determined by the PaO2, the amount of saturated hemoglobin, and the left ventricular output (see the equation that follows). For an average adult with a PaO2 of 100 mm Hg, a hemoglobin (Hb) concentration of 15 g/100 mL (97.5% saturation), and a cardiac output (C.O.) of 5 L/min, approximately 1000 mL of oxygen is delivered to systemic tissues each minute. This large delivery of oxygen provides a significant margin of safety because, under normal circumstances, the systemic tissues use only one fourth of the available oxygen; mixed venous PO2 is 40 mm Hg, and hemoglobin is 73% saturated. Mixed venous blood is by definition the blood within the main pulmonary artery but is often estimated from a central venous line.


The systemic oxygen transport equation is useful to emphasize a therapeutic principle: the three practical ways to improve oxygenation of peripheral tissues are to increase hemoglobin saturation, to increase hemoglobin concentration, and to augment cardiac output.
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where
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Oxygen therapy






Increased Inspired Mixtures


The concentration of oxygen in the inspired air should be increased when tissue oxygenation is inadequate. The response to an increased inspired oxygen concentration depends on which cause of hypoxia is present (Box 5-1). Most of the conditions characterized by hypoxemia respond well to added oxygen. For example, if airway disease results in a 30% decrease in ventilation to an acinus, this can be corrected by an appropriate increase in the concentration of oxygen in the inspired gas. In contrast, patients with shunts will only respond to a minimal degree because the shunted blood does not perfuse alveoli. The slight improvement in PaO2 and SaO2 that may be seen when patients with extensive intrapulmonary shunting inhale high concentrations of oxygen results from the additional amount of dissolved oxygen in the blood that perfuses ventilated alveoli. A direct attack on the underlying disorder in anemia, ischemia, and poisonings is clearly indicated; oxygen therapy may be a life-saving measure during the time required to treat the disease.





Box 5-1 Four Types of Hypoxia and Some Causes






Hypoxemia (Low PO2 and Low Oxygen Content)







Deficiency of oxygen in the atmosphere


Hypoventilation


Uneven distribution of alveolar gas and/or pulmonary blood flow


Diffusion impairment


Venous-to-arterial shunt












Deficient Hemoglobin (Normal PO2 and Low Oxygen Content)







Anemia


Carbon monoxide poisoning












Ischemic Hypoxia (Normal PO2 and Normal Oxygen Content)







General or localized circulatory insufficiency


Tissue edema


Abnormal tissue demands












Histotoxic Anoxia (Normal PO2 and Normal Oxygen Content)







Poisoning of cellular enzymes so that they cannot use the available oxygen (e.g., cyanide poisoning)











Oxygen therapy can be utilized to facilitate the removal of other gases loculated in body spaces, such as air in pneumothorax, pneumomediastinum, and ileus. High inspired oxygen mixtures effectively wash out body stores of nitrogen. With air breathing, the blood that perfuses the tissue spaces has an arterial oxygen tension of 100 mm Hg and a venous oxygen tension of 40 mm Hg. With oxygen breathing, although arterial tensions increase to 600 mm Hg, venous oxygen tensions do not increase above 50 to 60 mm Hg because of oxygen consumption and the shape of the dissociation curve. With air breathing, arterial and venous nitrogen tensions are the same, about 570 mm Hg. If the loculated gas were air at atmospheric pressure, the gradient for the movement of nitrogen to the blood would be very small. After nitrogen washout, with oxygen breathing, the lack of high elevation in venous oxygen tension permits movement of both nitrogen and oxygen from the pneumothorax into the blood. The increased pressure differences increase the rate of absorption of loculated air some 5- to 10-fold. This augmented clearance occurs while the extrapulmonary gas is predominately nitrogen.









Administration of Oxygen


There are several methods of delivering enriched oxygen gas mixtures to nonintubated patients. Known concentrations of oxygen can be piped into chambers that surround the infant’s head, such as an oxygen tent or a head box. Usually, these chambers allow significant leakage of gases, so it is imperative that the O2 concentration be measured inside the chamber near the patient’s face. Another method is to run pure oxygen through nasal prongs or cannulae at specified flow rates. Although this method can be efficacious in improving the PaO2, one must remember that it does not provide a constant FIO2 during the breath, nor can the FIO2 be accurately calculated or measured. The reason is that patients will “beat the system,” because their inspiratory flow rates exceed the rate at which the pure oxygen is being piped toward their faces. A simple calculation illustrates the point. If a 70-kg man breathes at 30 breaths/min with an inspiratory/expiratory time ratio of 1:1, his duration of inspiration will be 1 second. Given a tidal volume of 0.5 L, his average inspiratory flow rate will be 0.5 L/sec or 30 L/min. Given that nasal prongs are usually set at 2 to 6 L/min for the average 70-kg man, it is immediately obvious that his initial portion of inspiration will be 100% oxygen but that the percentage will decrease quickly toward that of room air by the end of inspiration. This pattern is applicable not only to adults but also to younger children.


Thus, although one can “guestimate” what flow rate of oxygen the patient will require to normalize the blood oxygen tension, the actual FIO2 will vary within and between breaths, especially if the patient changes the depth or pattern of breathing. In practice today in hospitalized children, oxygen flow rate is titrated by measurement of pulse oximetry.









Hazards of High Oxygen Mixtures


Hypoxemia in conditions associated with alveolar hypoventilation, such as chronic pulmonary disease and status asthmaticus, may be overcome by enriched oxygen mixtures without concomitant lessening of the hypercapnia. The patient may appear pink but become narcotized under the influence of carbon dioxide retention. In chronic respiratory acidosis, respiration may be maintained chiefly by the hypoxic drive. This is a condition that is rarely seen in pediatric patients but may occur in the terminally ill patient with cystic fibrosis.


With the institution of oxygen therapy, there is usually a small drop in minute ventilation as the hypoxic stimulus to breath is removed by the increase in PaO2. Very rarely, a patient with chronic hypercarbic respiratory failure may cease breathing if excessive oxygen is given. It is therefore essential to measure the pH and PaCO2 in addition to the PaO2 or saturation in these groups of patients. The goal of oxygen therapy is to give just enough oxygen to return the arterial oxygen saturation to the appropriate amount for the patient. The usual target is 90% in the infant, child, and adult. However, the target saturation may be less in the premature infant who is susceptible to retinopathy of prematurity or higher when there is significant pulmonary hypertension. When there is increased intracranial pressure, the clinician should utilize arterial blood samples to maintain the PaO2 well above 100 mm Hg to ensure full saturation of hemoglobin and to further increase the oxygen content of blood by augmenting the amount of dissolved oxygen.


Excessive oxygenation of the blood can be dangerous. Human volunteers in pure oxygen at 1 atmosphere experience symptoms in about 24 hours, chiefly substernal pain and paresthesias. Laboratory animals exposed for longer periods die of pulmonary congestion and edema in 4 to 7 days. The toxicity of oxygen is directly proportional to its partial pressure. Symptoms occur within minutes under hyperbaric conditions and yet are not present after 1 month in pure oxygen at ⅓ atmosphere. Some of the acute effects of oxygen are a slight decrease of minute ventilation and cardiac output and constriction of retinal and cerebral vessels and the ductus arteriosus. Retinal vasoconstriction does not seem to be a significant problem in mature retinas that are fully vascularized. In premature infants, however, the vasoconstriction may lead to ischemia. After the cessation of oxygen therapy, or with maturation of the infant, neovascularization of the retina occurs. The disorderly growth and scarring may cause retinal detachments and fibroplasia, which appears behind the lens; hence the names retrolental fibroplasia and retinopathy of prematurity.


As the care of premature infants with acute lung disease has improved, the survival rate has increased impressively. Regrettably, many of the survivors have chronic lung disease of prematurity or bronchopulmonary dysplasia (see Chapter 23). At the present time, it is difficult to determine the relative contributions of prematurity, ventilator-induced barotrauma, oxygen toxicity, and the preceding acute lung injury in the evolution of this serious disorder. It does seem prudent, however, to minimize the FIO2 in these patients, given the damage that occurs in totally normal lungs exposed to very high concentrations of oxygen.












Carbon dioxide transport and acid-base balance






Buffering and Transport


Acids are normally produced in the body at the rates of 15 to 20 moles of carbonic acid and 80 mmol of fixed acids per day. For the cells to maintain their normal metabolic activity, the pH of the environment of the cells must be close to 7.40. The understanding of the regulation of hydrogen ion concentration requires knowledge of the buffering action of the chemical constituents of the blood and of the role of the lungs and kidneys in the excretion of acids from the body.


The most important constituents for acid-base regulation are the sodium bicarbonate and carbonic acid of the plasma, the potassium bicarbonate and carbonic acid of the cells, and hemoglobin.


The concentration of carbonic acid is determined by the partial pressure of carbon dioxide and the solubility coefficients of carbon dioxide in plasma and in red blood cell water. Carbonic acid in aqueous solution dissociates as follows:
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The law of mass action describes this reaction:
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In plasma, K has the value of 10− 6.1. An equivalent form of this equation is
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By definition,
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Applied to plasma, in which dissolved carbon dioxide exists at a concentration 1000 times that of carbonic acid, the equation becomes
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This form of the equation is known as the Henderson-Hasselbalch equation. A clinically useful form of this equation is as follows:





[image: image]





Thus, at a normal bicarbonate concentration of 24 mEq/L, when PaO2 is 40 mm Hg, hydrogen ion concentration is 40 nM.


Just as oxygen has a highly specialized transport mechanism in the blood to ensure an adequate delivery to tissues under physiologic conditions, carbon dioxide produced by the tissues has a special transport system to carry it in the blood to the lung, where it is expired. The amount of carbon dioxide in blood is related to the PCO2 in a manner shown in Figure 5-27. Unlike the relation of oxygen content to PO2, the relation of carbon dioxide content to PCO2 is nearly linear; therefore, doubling alveolar ventilation halves PaCO2. Oxygenated hemoglobin shifts the carbon dioxide dissociation curve to the right (Haldane effect), so that at a given PCO2 there is a lower carbon dioxide content. This effect aids in the removal of carbon dioxide from the blood in the lung when venous blood becomes oxygenated. The average arterial carbon dioxide tension (PaCO2) in adults is 40 mm Hg and in infants is closer to 35 mm Hg; venous levels in both are normally 6 mm Hg higher. The small difference between arterial and venous PCO2 is why the effect of venous admixture on arterial PCO2 is very small.





[image: image]

Figure 5-27 Carbon dioxide dissociation curve. The large graph (A) shows the relationship between PCO2 and carbon dioxide content of whole blood; this relationship varies with changes in saturation of hemoglobin with oxygen. Thus, PCO2 of the blood influences oxygen saturation (Bohr effect), and oxygen saturation of the blood influences carbon dioxide content (Haldane effect). The oxygen–carbon dioxide diagram gives the correct figure for both carbon dioxide and oxygen at every PO2 and PCO2. B, Greatly magnified portion of the large graph to show the change that occurs as mixed venous blood (70% oxyhemoglobin, PCO2 40 mm Hg). Dashed line is a hypothetical transition between the two curves. C, Oxygen and carbon dioxide dissociation curves plotted on same scale to show the important point that the oxygen curve has a steep and a flat portion and that the carbon dioxide curve does not.


(From Comroe JH Jr. The Lung, 2nd ed. Chicago: Year Book Medical, 1963.)





Carbon dioxide is transported in the blood in three ways: dissolved in the blood, as bicarbonate, and as carbamino compound. At the tissue level, the processes involved in the uptake of carbon dioxide into the blood are as follows (Fig. 5-28):




1. Carbon dioxide diffuses into the blood from the tissue. Some carbon dioxide is dissolved in the plasma water in physical solution.


2. Carbon dioxide hydrates slowly in the plasma to form a small amount of carbonic acid.


3. Most of the carbon dioxide enters the red blood cells. A small amount is dissolved in the intracellular water. A fraction combines with hemoglobin to form a carbamino compound.


4. Because of the presence of carbonic anhydrase, a larger fraction in the red blood cell hydrates rapidly to form carbonic acid, which dissociates into H+ plus [image: image].


5. Bicarbonate diffuses into plasma because of the concentration gradient, and Cl– ions enter the cell to restore electrical neutrality.








[image: image]

Figure 5-28 CO2 transport in blood. (See text for further explanation.)




Hemoglobin is important in the transport of carbon dioxide because of two properties of the molecule. First, it is a good buffer, permitting blood to take up carbon dioxide with only a small change in pH. Second, hemoglobin is a stronger acid when oxygenated than when reduced; thus, when oxyhemoglobin is reduced, more cations are available to neutralize [image: image]. Carbon dioxide exists in two forms in the red blood cell because of this property of hemoglobin: as bicarbonate ion and as hemoglobin carbamate (HbNHCOO–).





[image: image]





An enzyme in the red blood cell, carbonic anhydrase, accelerates the reaction [image: image] some 13,000 times. A concentration gradient between red cell and plasma causes the bicarbonate ion to leave the red cell. Because the red blood cell membrane is relatively impermeable to Na+ and K+, the chloride ion and water move into the red cell to restore electrical neutrality (chloride shift or Hamburger shift). Thus, although the larger portion of the buffering occurs within the red cell, the largest amount of carbon dioxide is in the plasma as [image: image] (Table 5-4). The shift of chloride and [image: image] was previously thought to be passive, that is, to occur by diffusion due to a concentration gradient. It is now known to be an active process dependent on a specific transport protein within the red blood cell membrane. This anion transport occurs rapidly, with a half-time of 50 msec.




Table 5-4 Carbon Dioxide in the Blood


[image: image]




In the lung, a process the reverse of that just described takes place, because carbon dioxide diffuses out of the blood and into the alveoli. Diffusion of CO2 is rapid, so the equilibrium between the PCO2 of the pulmonary capillary and that of alveolar air is promptly achieved. About 30% of the CO2 that is exchanged is given up from hemoglobin carbamate. When hemoglobin is oxygenated in the pulmonary capillary, chloride and water shift out of the red cell, and bicarbonate diffuses in to combine with hydrogen ion to form H2CO3, which in turn is dehydrated to form carbon dioxide. Carbon dioxide then diffuses out of the cell into the plasma and alveolar gas.


Although red blood cells from newborn infants have less carbonic anhydrase activity than adult cells, no defect in carbon dioxide transport is apparent. However, when breathing 100% oxygen, there is less reduced hemoglobin present in venous blood, and therefore less buffering capacity for H+ is present, leading to an increased PCO2. This is an important consideration during hyperbaric oxygenation, when the venous blood may remain almost completely saturated with oxygen, H+ is less well buffered, and tissue PCO2 rises.









Acid-Base Balance


To understand acid–base balance within the body, it is important to differentiate between the processes that promote a change in acid–base state and the end result of all these primary and secondary processes. Acidemia and alkalemia refer to the final acid–base status within the blood (hence the suffix -emia). Two processes can promote the development of acidemia: metabolic acidosis (loss of [image: image] or gain of H+) and respiratory acidosis (increase in PCO2, which increases H+ via carbonic acid). Two processes can promote the development of alkalemia: metabolic alkalosis (gain of [image: image] or loss of H+) and respiratory alkalosis (decrease in PCO2). Obviously, if there is a primary acidotic process, the body will try to maintain homeostasis by promoting a secondary alkalotic process and vice versa. Therefore, to understand the patient’s acid-base balance, one must first measure the pH of the blood, and if it is abnormal, determine what primary and secondary (compensatory) processes are involved. This is illustrated in Table 5-5; note, however, that the [image: image] shown in Table 5-5 is the standard [image: image] (i.e., corrected to a PCO2 of 40 mm Hg; see later section entitled “Difference between Additions of CO2 to Blood In Vitro and In Vivo”).




Table 5-5 Blood Measurements in Various Acid-Base Disturbances
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Metabolic acidosis occurs in such conditions as diabetes (in which there is an accumulation of keto acids); renal failure, when the kidney is unable to excrete hydrogen ion; diarrhea from loss of base; and tissue hypoxia associated with lactic acid accumulation. When pH falls, respiration is stimulated so that PCO2 will decrease and tend to compensate for the reduction in pH. This compensation is usually incomplete, and pH remains below 7.35. The pH, carbon dioxide content ([image: image] PCO2), [image: image], and PCO2 are all reduced.


Metabolic alkalosis occurs most commonly after excessive loss of HCl due to vomiting (as in pyloric stenosis) or after an excessive citrate or bicarbonate load. The carbon dioxide content is elevated, and the PCO2 will be normal or elevated, depending on the chronicity of the alkalosis.


Acute respiratory acidosis is secondary to respiratory insufficiency and accumulation of carbon dioxide within the body. The associated acidosis may be compensated for by renal adjustments that promote retention of [image: image]. Compensation may require several days. Patients in chronic respiratory acidosis who receive therapy that improves alveolar ventilation will have a decrease in their PaCO2, but their adjustment in bicarbonate will be much slower, resulting in a metabolic alkalosis of several days’ duration. A simple rule is that if hypercarbic respiratory failure has occurred over many days, such that compensation has occurred, the clinician should slowly normalize the PaCO2 to avoid excessive metabolic alkalosis.


Acute respiratory alkalosis (e.g., secondary to fever, psychogenic hyperventilation, or a pontine lesion with meningoencephalitis) is associated with high pH, low PCO2, and normal bicarbonate level. Renal compensation in time leads to excretion of bicarbonate and return of pH toward normal.


It is important to point out that the lung excretes some 300 mEq/kg of acid per day in the form of carbon dioxide, and the kidney excretes 1 to 2 mEq/kg/day. Thus, the lung plays a large role in the acid–base balance of the body, in fact providing rapid adjustment when necessary. The Henderson-Hasselbalch equation may be thought of as
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Difference Between Additions of CO2 to Blood In Vitro and In Vivo



An appreciation of the difference between the so-called in vitro and in vivo CO2 dissociation curves is necessary to clarify the confusion that has arisen regarding the interpretation of measurements of acid–base balance, particularly during acute respiratory acidosis (acute hypoventilation). When blood in vitro is equilibrated with increasing concentrations of CO2, bicarbonate concentration also increases because of the hydration of carbon dioxide. If, for example, blood with a PCO2 of 40 mm Hg and a bicarbonate concentration of 24 mEq/L were equilibrated with a PCO2 of 100 mm Hg, the actual bicarbonate concentration would be measured as 34 mEq/L. In the commonly used Astrup nomogram, a correction for this increased bicarbonate due to CO2 alone is made, and the standard bicarbonate (bicarbonate concentration at PCO2 of 40 mm Hg) is considered to be 24 mEq/L, or a base excess of zero. With this correction, one can readily see that the metabolic (renal) component of acid-base balance is normal. However, confusion has arisen because the in vitro correction figures have been incorrectly applied to the situation in vivo. Unlike equilibration in the test tube, the additional bicarbonate generated during in vivo acute hypercapnia not only is distributed to water in red blood cells and plasma but also equilibrates with the interstitial fluid space; that is, bicarbonate ion equilibrates with extracellular water. If the interstitial fluid represents 70% of extracellular water, then 70% of the additional bicarbonate generated will be distributed to the interstitial fluid. Thus, an arterial sample taken from a patient with an acute elevation of PCO2 to 100 mm Hg would have an actual bicarbonate concentration of 27 mEq/L. If 10 mEq/L were subtracted according to the in vitro correction, the standard bicarbonate would be reported as 17 mEq/L, or a base excess of − 7, which would indicate the presence of metabolic as well as respiratory acidosis. This conclusion would be incorrect; actually, the bicarbonate concentration in vivo is appropriate for the PCO2. The situation is worse in the newborn infant because of the high hematocrit and large interstitial fluid space. Base excess values of as much as − 10 mEq/L (standard bicarbonate 14 mEq/L) may be calculated despite the fact that the in vivo bicarbonate concentration is appropriate for the particular PCO2 and there is no metabolic component to the acidosis. Thus, the appropriate therapy is to increase alveolar ventilation and not to administer bicarbonate.












Tissue respiration






Aerobic Metabolism


The ultimate function of the lung is to provide oxygen to meet the demands of the tissues and to excrete carbon dioxide, a by-product of metabolic activity. Thus, respiratory physiologists have been concerned with the assessment of respiration at the tissue level and the ability of the cardiopulmonary system to meet the metabolic demands of the body.


One method is to measure the amount of oxygen consumed by the body per minute ([image: image]O2). This is equal to the amount necessary to maintain the life of the cells at rest, plus the amount necessary for oxidative combustion required to maintain a normal body temperature, as well as the amount used for the metabolic demands of work above the resting level. The basal metabolic rate is a summation of many component energy rates of individual organs and tissues and is defined as the amount of energy necessary to maintain the life of the cells at rest, under conditions in which there is no additional energy expenditure for temperature regulation or additional work.


In practice, [image: image]O2 is measured after an overnight fast, the subject lying supine in a room at a comfortable temperature. This “basal” metabolic rate has a wide variability (± 15% of predicted [image: image]O2). Since absolutely basal conditions are difficult to ensure, the measurement of basal metabolic rate is not widely used at present.


The performance of the cardiopulmonary system can be more adequately assessed and compared with normal measurements under conditions of added work, such as exercise. During exercise, healthy subjects demonstrate an improvement in pulmonary gas exchange, cardiac output, and tissue oxygen extraction. Performance can be increased by physical fitness, and athletes are able to increase their cardiac output by six- or seven-fold. In children, the relationship between work capacity, ventilation, and oxygen consumption is the same as that in the adult. The maximal [image: image]O2 that can be achieved increases throughout childhood, reaches its peak of 50 to 60 mL/min/kg between 10 and 15 years of age, and thereafter declines slowly with age.


At the tissue level, the ability of a given cell to receive an adequate oxygen supply depends on the amount of local blood flow, the distance of the cell from the perfusing capillary, and the difference between the partial pressures of oxygen in the capillary and in the cell. The critical mean capillary PO2 appears to be in the region of 30 mm Hg for children and adults. Exercising muscle has 10 to 20 times the number of open capillaries as resting muscle does.


The body’s response to exercise therefore is complex and depends on the amount of work, the rate at which the workload is increased, and the subject’s state of health and degree of physical fitness. A detailed description of the physiologic response to exercise and its use in diagnosing cardiorespiratory disease is beyond the scope of this chapter, but exercise testing is now an essential tool in clinical medicine (see Chapter 13).









Anaerobic Metabolism


The adequacy of oxygen supply to the tissues has been assessed by measuring blood lactate, a product of anaerobic metabolism (Embden-Meyerhof pathway). When there is an insufficient oxygen supply to the tissues due to either insufficient blood flow or a decrease in blood oxygen content, lactic acid concentration within the tissues and blood increases. In the blood, this accumulation leads to metabolic acidosis.


During moderate to heavy muscular exercise, cardiac output cannot meet the demands of the muscles, and an oxygen debt is incurred, which is repaid on cessation of exercise. During this period, lactic acid accumulates, and therefore rigorous exercise is often associated with metabolic acidosis. There is an excellent correlation between the serum lactate level and the oxygen debt. Oxygen debt is not measurable at rest and is difficult to measure during exercise, but the adequacy of tissue oxygenation appears to be accurately reflected in the serum lactate level. In adult humans, blood lactate is less than 1 mEq/L but may increase to 10 to 12 mEq/L during very heavy exercise.









Relationship Between [image: image]O2 and [image: image]CO2



In the normal subject in a steady state, the amount of carbon dioxide excreted by the lung per minute depends on the basal metabolic activity of the cells and the type of substrate being oxidized. The volume of carbon dioxide exhaled divided by the amount of oxygen consumed is known as the respiratory exchange ratio (R). For the body as a whole, the ratio is 1 if primarily carbohydrate is being metabolized, 0.7 if fat, and 0.8 if protein. Normally, the ratio is 0.8 at rest, approximately 1.0 during exercise, and greater than 1 at exhaustion when there is anaerobic metabolism. The respiratory exchange ratio may vary considerably with changes in alveolar ventilation and metabolism and therefore must be measured in the steady state (i.e., with a steady alveolar ventilation and a steady metabolic rate). For an individual organ, the metabolic respiratory quotient ([image: image]

[image: image]) is nearly constant but may vary from 0.4 to 1.5, depending on the balance of anabolism and catabolism in that organ. Thus, the measurement of R represents the result of many component-metabolizing organs and tissues. After birth, R decreases from nearly 1 to 0.7, indicating a loss of carbohydrate stores; when feeding has started, R approaches 0.8.


With breath-by-breath CO2 and O2 concentrations, R can be calculated on a breath-by-breath basis. Using this technique, it is possible to define more precisely the workload at which anaerobic metabolism begins (threshold for anaerobic metabolism). As lactic acid begins to accumulate in the blood, the carbon dioxide dissociation curve shifts to the right, and there is a sudden increase in expired CO2. R therefore suddenly increases from about 1.0 to above 1.0. It has been shown that the threshold for anaerobic metabolism in both adults and children can be increased by training. This technique is particularly useful in children because it does not require blood sampling and can be readily applied to cooperative subjects with a variety of pulmonary and cardiac problems.












Regulation of respiration


The regulation of respiratory rhythm49 and its control have been extensively studied over the past decades, including its abnormalities in diseases such as congenital hypoventilation syndrome50 caused by Phox2b mutations, sudden infant death syndrome,51 and sleep disorders.52,53 A brief discussion is provided later in the chapter, but further details are available in the references cited51-53 and in Chapters 76 and 77.


The study of the regulation of respiration centers around three main ideas: (1) the generation and maintenance of a respiratory rhythm, (2) the modulation of this rhythm by a number of sensory feedback loops and reflexes, and (3) the recruitment of respiratory muscles that can contract appropriately for gas exchange (Fig. 5-29).





[image: image]

Figure 5-29 Schematic diagram of the respiratory control system.


(From Fishman AP: Pulmonary Diseases and Disorders. New York: McGraw-Hill, 1980.)





The central nervous system, particularly the brainstem, has the inherent ability to function as the respiratory “sinus node,” or the source of central pattern generation. The pacemaker neurons are located within the brainstem’s preBötzinger Complex (preBötC) and are the main source of inspiratory rhythm. Each part of the respiratory cycle is controlled by distinct groups of neurons that interact dynamically with some stimulating, some inhibiting, and others having their effect dependent upon the phase of the respiratory cycle. The overall control of respiratory rhythm is influenced by many factors, including cortical behavioral influences; sleep state; peripheral and central chemoreceptors; and receptors within the lungs, joints, and muscles.









Sensory feedback system


The respiratory system is endowed with a wealth of afferent pathways to maintain control over several functional variables and adjust them at appropriate times. These pathways inform the central pattern generator about instantaneous changes that take place in, for example, the lungs, the respiratory musculature, the blood (acid-base), and the environment. The terms sensory and afferent refer not only to peripheral but also to central systems converging on the brainstem respiratory neurons.


Cutaneous or mucocutaneous stimulation of the area innervated by the trigeminal nerve (e.g., the face, nasal mucosa) decreases respiratory frequency and may lead to the generation of respiratory pauses. These respiratory effects become less important with age, their strengths are species-specific, and they depend on the state of consciousness. Because cortical inhibition of the trigeminal afferent impulses is more pronounced during REM sleep, trigeminal stimulation has a greater effect on respiration during quiet (non-REM) sleep.


The laryngeal receptor reflex is probably the most inhibitory reflex on respiration known. Sensory receptors are present in the epithelium of the epiglottis and upper larynx. Introduction into the larynx of small amounts of water or solutions with low concentrations of chloride will result in apnea. The duration and severity of the respiratory changes depend on the behavioral state and are exacerbated by the presence of anesthesia. They are also worse if the subject is anemic, hypoglycemic, or a premature infant. In the unanesthetized subject, the reflex effects are almost purely respiratory and are mediated by the superior laryngeal nerve, which joins the vagal trunk after the nodose ganglion.


Rapidly adapting, slowly adapting and J receptors (vagal) are present in the tracheobronchial tree and lung interstitial space and were described earlier in this chapter. These play an important role in informing the central nervous system about the status of lung volume, tension across airways, and lung interstitial pressure. Stretch receptors, when stimulated by lung inflation, prolong expiratory duration and delay the start of the next inspiration. J receptors are stimulated by lung edema, and they produce tachypnea with interspersed short periods of respiratory pauses.






O2 and CO2



The respiratory control system also receives information about O2 and CO2 tensions from sensory receptors located in specialized neural structures in blood vessels, airways, and the central nervous system.


Central chemoreceptors are located in the ventral lateral medulla, and increases in PCO2 or H+ concentration produce an increase in ventilation; conversely, a decrease in PCO2 or H+ concentration causes a depression of ventilation. This area is influenced primarily by the acid-base composition of CSF, and the delay in ventilatory response to changes in arterial PCO2 and bicarbonate is due to the time required to change the CSF H+ concentration. Carbon dioxide, which diffuses into the CSF in a few minutes, has a rapid effect on the central chemoreceptors. Changes in blood bicarbonate are much less rapidly reflected in the CSF (24 to 48 hours). Thus, with acute metabolic acidosis, arterial PCO2 decreases along with CSF PCO2. Hyperventilation is produced by the H+ stimulation of peripheral chemoreceptors, but this stimulus is inadequate to compensate fully for the metabolic acidosis because of inhibition from the decreased H+ concentration in the CSF. After 24 hours, CSF bicarbonate decreases and restores CSF pH to normal. There is a further decrease in arterial PCO2, and arterial pH returns toward normal. From these observations, it has been suggested that the control of alveolar ventilation is a function of the central chemoreceptors, which are under the influence of CSF or brain interstitial fluid H+, acting in association with the peripheral chemoreceptors, which are directly under the influence of the arterial blood.


The peripheral chemoreceptors are found in the human along the structures associated with the branchial arches. Two sets of chemoreceptors appear to be of greatest physiologic importance: (1) the carotid bodies, which are located at the division of the common carotid artery into its internal and external branches, and (2) the aortic bodies, which lie between the ascending aorta and the pulmonary artery. Afferent nerves from the carotid body join the glossopharyngeal (IX) nerve; those from the aortic bodies join the vagosympathetic trunk along with the recurrent laryngeal nerves.


The carotid and aortic bodies are responsive primarily to changes in the partial pressure of oxygen. At rest, they are tonically active, signifying that some ventilatory drive exists even at a PaO2 of 100 mm Hg. Inhalation of low oxygen mixtures is associated with a significant increase in ventilation when the PaO2 is less than 60 mm Hg. Potentiation of the hypoxic stimulus is achieved by an increase in PaCO2. The response of the peripheral chemoreceptors to PCO2 is rapid (within seconds), and ventilation increases monotonically with PaCO2. The rate of the change in PaCO2 may be as important as the change. The peripheral chemoreceptors, also responsive to changes in arterial pH, increase ventilation in association with a decrease of 0.1 pH unit and produce a two- to threefold increase with a decrease of 0.4 pH unit. A variety of peripheral reflexes are known to influence respiration. Hyperpnea may be produced by stimulation of pain and temperature receptors or mechanoreceptors in limbs. Visceral reflexes (e.g., those that result from distention of gallbladder or traction on the gut) are usually associated with apnea. Afferent impulses from respiratory muscles (e.g., intercostals) may play a role in determining the optimum response of the muscles of ventilation to various respiratory stimuli. In newborn infants, an inspiratory gasp may be elicited by distention of the upper airways. This reflex is mediated by the vagus nerve and is known as the Head reflex. It has been suggested that this inspiratory gasp reflex is important in the initial inflation of the lungs at birth.









The Newborn Infant


A number of studies have demonstrated that the responsiveness to stimuli in newborn infants is different from that of older or mature adult subjects. Although the exact mechanisms for these differences have generally been elusive, the rapid maturational changes that occur in key control systems could serve as the bases for the different responses seen in early life. Like adults, infants increase ventilation in response to inspired carbon dioxide, and peripheral chemoreceptors are functional in newborn infants, as demonstrated by a slight decrease in [image: image]E with 100% oxygen breathing. The effect of hypoxia as a stimulant may differ in the first 12 hours of life; 12% oxygen in the first 12 hours of life fails to stimulate ventilation. In addition, it has been found that the newborn infant will increase ventilation only transiently in response to a hypoxic stimulus; ventilation rapidly falls below baseline. In adults, the increase in ventilation is maintained above basal levels, although it lessens with time.


The mechanisms responsible for this different response to hypoxia in the newborn are not well understood. The biphasic hypoxic response is likely multifactorial and may be due to one or more of the following: (1) reduction in dynamic lung compliance, (2) reduction in chemoreceptor activity during sustained (> 1 to 2 min) hypoxia, (3) central neuronal depression due to either an actual drop in excitatory synaptic drive other than carotid input or changes in neuronal membrane properties reducing excitability, and (4) decrease in metabolic rate.












Metabolic functions of the lung


The lungs have important nonrespiratory functions, including phagocytosis by alveolar macrophages, filtering of microemboli from blood, biosynthesis of surfactant components, and excretion of volatile substances. An equally important nonrespiratory function is the pharmacokinetic function of the pulmonary vascular bed: the release, degradation, and activation of vasoactive substances. The lung is ideally situated for regulating the circulating concentrations of vasoactive substances because it receives the entire cardiac output and possesses an enormous vascular surface area. As Table 5-6 illustrates, the pulmonary vascular bed not only handles a wide variety of compounds (amines, peptides, lipids), but also is highly selective in its metabolic activity. For example, norepinephrine is metabolized by the lung, whereas epinephrine, which differs from it only by a methyl group, is unaffected by passage through the pulmonary circulation.


Table 5-6 Handling of Biologically Active Compounds by the Lung






	Metabolized at the endothelial surface without uptake

	Bradykinin
Angiotensin I
Adenine nucleotides






	Metabolized by the endothelial cell after uptake

	Serotonin
Norepinephrine
Prostaglandins E and F






	Unaffected by passage through the lung

	Epinephrine
Dopamine
Angiotensin II
Vasopressin
PGA






	Released by the lung

	Prostaglandins (e.g., prostacyclin)
Histamine
SRS-A
ECF-A
Kallikrein







The physiologic consequences of the metabolic functions of the lung can be illustrated by angiotensin-converting enzyme (ACE). A peptidase located on the surface of the endothelial cell, ACE is responsible for the degradation of bradykinin, a potent vasodilator and edematogenic peptide, and for the conversion of angiotensin I to angiotensin II, a potent vasoconstrictor. Angiotensin II production influences systemic blood pressure at all ages but is especially important during the neonatal period, because sympathetic innervation is incompletely developed.
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Introduction


Inflammation is classically characterized by four cardinal signs: calor and rubor (due to vasodilatation), tumor (due to plasma exudation and edema), and dolor (due to sensitization and activation of sensory nerves. Inflammation is also characterized by infiltration with inflammatory cells, and these will differ depending on the type of inflammatory process. It is vital to recognize that inflammation is an important response that defends the body against invasion from microorganisms and the effects of external toxins. Failure of the components of the inflammatory response (e.g., neutrophil dysfunction, also known as Job’s syndrome) has catastrophic consequences. Allergic inflammation is characterized by the fact that it is driven by exposure to allergens through IgE-dependent mechanisms, resulting in a characteristic pattern of inflammation.1 The inflammatory response seen in allergic diseases is characterized by an infiltration with eosinophils and resembles the inflammatory process mounted in response to worm and other parasitic infections. The inflammatory response not only provides an acute defense against injury, but it is also involved in the healing and restoration of normal function after tissue damage from infection and toxins. In allergic disease, the inflammatory response is activated inappropriately and is harmful rather than beneficial. For some reason, allergens such as house dust mite and pollen proteins, activate eosinophilic inflammation, possibly as a result of their protease activity. Normally such an inflammatory response would kill the invading parasite (or the parasite would overwhelm the host) and the process would therefore be self-limiting, but in allergic disease the inciting stimulus persists and the normally acute inflammatory response turns into chronic inflammation, which may have structural consequences in the airways and skin. Cystic fibrosis (CF) bronchiectasis and persistent bacterial bronchitis are characterized by a neutrophilic pattern of inflammation, driven in part by chronic bacterial infection; the pathophysiology is covered in more detail in Chapters 2630, and 52. In this chapter, we place the most emphasis on allergic inflammation, as this underlies the most common noninfectious respiratory diseases of children.









Acute inflammation


Acute inflammation in the respiratory tract is an immediate defense reaction to inhaled allergens, pathogens, or noxious agents. Inhalation of an allergen (e.g., house dust mites) activates surface mast cells by an IgE-dependent mechanism. This releases multiple bronchoconstrictor mediators, resulting in rapid contraction of airway smooth muscle and wheezing. These mediators also result in plasma exudation and swelling of the airways and recruitment of inflammatory cells from the circulation—particularly eosinophils, neutrophils (transiently), and T-lymphocytes, mainly of the T helper 2 (Th2) type. This accounts for the late response that occurs 4 to 6 hours after allergen exposure and resolves within 24 hours, which should be regarded as an acute inflammatory reaction. The acute inflammatory response in the respiratory tract is usually accompanied by increased mucus secretion, which is a part of the defense system that protects the delicate mucosal surface of the airways. In CF, mucus secretion is a highly significant part of the airway pathology, in part mediated by the inflammatory response.






Chronic Inflammation


The normal consequence of an acute inflammatory process is complete resolution; for example, acute lobar pneumonia due to pneumococcal infection is characterized by a massive influx of neutrophils, with complete resolution and restoration of normal lung structure (unless the patient dies in the acute phase of the infection). Many inflammatory conditions of the respiratory tract are chronic and may persist for many years. This inflammation may persist even in the absence of causal mechanisms. This is well illustrated in patients with occupational asthma who continue to have asthma despite complete avoidance of sensitizing agents, and in adult patients with chronic obstructive pulmonary disease who have continued inflammation, even after stopping smoking for many years. The resolution of inflammation was previously thought to be a passive process, but it is now realized that there are important active control mechanisms. There are a number of potential mechanisms that are important in the normal resolution of inflammation. These include Interleukin-10 (IL-10),2,3 CD200,4,5 Annexin,6 lung Kruppel-like factor (LKLF),7 lipid mediators such as Resolvin E1 (RvE1) and Lipoxin A4 (LXA4), interferon (IFN)-γ, the IL-23 axis,8,9 and Protectin D1 (PD1).10 These mediators and regulators are discussed in more detail in the following paragraphs. The molecular and cellular mechanisms for the persistence of inflammation in the absence of its original causal mechanisms are not understood, but presumably involve some type of long-lived immunologic memory that drives the inflammatory process. Structural cells, such as airway epithelial cells that make up the airway wall, may also drive the chronic inflammatory process. This is an important area of research, as understanding these mechanisms might lead to potentially curative therapies.









Structural Changes and Repair


The acute inflammatory response is usually followed by a repair process that restores the tissue to normal. This may involve proliferation of damaged cells (e.g., airway epithelial cells) and fibrosis to heal any breach in the mucosal surface. These repair processes may also become chronic in response to continued inflammation, resulting in structural changes in the airways that are referred to as remodeling.11 However, it should be noted that the relationship between airway inflammation and remodeling is controversial; the conventional view—that inflammation leads to remodeling—has been challenged by human and animal work, which suggests that they may be parallel processes.12-14 These structural changes in asthma and CF may result in irreversible narrowing of the airways, with a fixed obstruction to air flow. In asthma, several structural changes are found in the airway wall, including fibrosis, an increased amount of airway smooth muscle, and an increased number of blood vessels (angiogenesis). There is much debate about the importance of airway remodeling in asthma as it is not seen in all patients. It may contribute to airway hyperresponsiveness (AHR) in asthma, but it may also have some beneficial effects in limiting airway closure.15












Inflammatory cells


Many types of inflammatory cells are involved in airway inflammation, although the precise roles of each cell type and the interrelationship among cells is not yet clear (Figure 6-1). The inflammatory mechanisms in early wheeze, especially episodic (viral) wheeze, are little studied, but probably differ from those seen in multiple trigger wheeze (asthma). The evidence in episodic (viral) wheeze shows that the pattern is neutrophilic.16-19 In children with asthma, the same kind of inflammation is seen in bronchial biopsies as in adults, which indicates that similar inflammatory mechanisms are likely.13,20-24 Of note, the inflammatory pattern seen at bronchoscopy is the same in children with multiple trigger (asthmatic) wheeze, independent of their atopic status.25 No single inflammatory cell accounts for the complex pathophysiology of asthma, although some cells predominate in allergic inflammation. The pattern of inflammation in CF is different, and it results in different pathophysiologic consequences and different responses to therapy. It should be noted also that inflammation may vary in different compartments of the lung. In adults with asthma, transbronchial biopsy has shown evidence of very distal inflammation in the absence of proximal airway inflammation.26-28 There is a dissociation between airway mucosal and airway luminal inflammatory patterns in asthma.29 In CF, whereas the predominant inflammatory cell in the airway lumen is the neutrophil (as shown by sputum and bronchoalveolar lavage cytology), T-lymphocytes predominate in the proximal airway wall.30
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Figure 6-1 Inflammation in asthma. Inhaled allergens activate sensitized mast cells by cross-linking surface-bound IgE molecules to release several bronchoconstrictor mediators, including cysteinyl-leukotrienes (cys-LT) and prostaglandin D2 (PGD2). Epithelial cells release stem-cell factor (SCF), which is important for maintaining mucosal mast cells at the airway surface. Allergens are processed by myeloid dendritic cells, which are conditioned by thymic stromal lymphopoietin (TSLP) secreted by epithelial cells and mast cells to release the chemokines CC-chemokine ligand 17 (CCL17) and CCL22, which act on CC-chemokine receptor 4 (CCR4) to attract T helper 2 (Th2) cells. Th2 cells have a central role in orchestrating the inflammatory response in allergy through the release of interleukin-4 (IL-4) and IL-13 (which stimulate B cells to synthesize IgE), IL-5 (which is necessary for eosinophilic inflammation) and IL-9 (which stimulates mast-cell proliferation). Epithelial cells release CCL11, which recruits eosinophils via CCR3. Patients with asthma may have a defect in regulatory T cells (T-reg), which may favor further Th2-cell proliferation.








Mast Cells


Mast cells are important in initiating the acute bronchoconstrictor responses to allergens and probably to other indirect stimuli such as exercise and hyperventilation (via osmolality or thermal changes) and fog. Treatment of asthmatic patients with prednisone results in a decrease in the number of tryptase-positive mast cells. Furthermore, mast cell tryptase appears to play a role in airway remodeling, as this mast cell product stimulates human lung fibroblast proliferation. Mast cells also secrete cytokines, including IL-4 and eotaxin, which may be involved in maintaining the allergic inflammatory response, and tumor necrosis factor-α (TNF-α).31 Mast cells are found in increased numbers in airway smooth muscle of asthmatic patients, and this appears to correlate with AHR, suggesting that mast cell mediators mediate AHR.32


However, there are questions about the role of mast cells in more chronic allergic inflammatory events, and it seems more probable that other cells, such as macrophages, eosinophils, and T-lymphocytes, are more important in the chronic inflammatory process and in AHR. Classically, mast cells are activated by allergens through an IgE-dependent mechanism. The importance of IgE in the pathophysiology of asthma has been highlighted by recent clinical studies with humanized anti-IgE antibodies, which inhibit IgE-mediated effects. Anti-IgE therapy is effective in patients, including children, with severe asthma who are not well controlled with high doses of corticosteroids, and it is particularly effective in reducing exacerbations.33 The role of IgE in the treatment of severe asthma is discussed in Chapter 48.









Macrophages


Macrophages, which are derived from blood monocytes, traffic into the airways in inflammatory diseases under the direction of specific chemokines. In the airways, these monocytes differentiate into macrophages, which have the capacity to secrete many inflammatory proteins, chemotactic factors, lipid mediators, and proteinases. In asthma, they may be activated by allergen via low-affinity IgE receptors (FcεRII). The enormous immunologic repertoire of macrophages allows these cells to produce more than 100 different products, including a large variety of cytokines that may orchestrate the inflammatory response. Macrophages have the capacity to initiate a particular type of inflammatory response via the release of a certain pattern of cytokines. Macrophages may both increase and decrease inflammation, depending on the stimulus. Alveolar macrophages normally have a suppressive effect on lymphocyte function, but this may be impaired in asthma after allergen exposure. In patients with asthma, there is a reduced secretion of IL-10 (an anti-inflammatory protein secreted by macrophages) in alveolar macrophages. Macrophages may therefore play an important anti-inflammatory role by preventing the development of allergic inflammation. There may be subtypes of macrophages that perform different inflammatory, anti-inflammatory, or phagocytic roles in airway disease, but at present it is difficult to differentiate these subtypes. There is evidence that alveolar macrophages show reduced phagocytosis of apoptotic cells and carbon particles in severe asthma so that inflammation does not resolve.34,35









Dendritic Cells


Dendritic cells are specialized macrophage-like cells that have a unique ability to induce a T-lymphocyte–mediated immune response and therefore play a critical role in the development of asthma.36 There are three major lineages of dendritic cells: myeloid DCs (mDCs),37 plasmacytoid DCs (pDCs),38 and Langerhans cells (LCs).39 Dendritic cells in the respiratory tract form a network that is localized to the epithelium, and they act as very effective antigen-presenting cells. It is likely that dendritic cells play an important role in the initiation of allergen-induced responses in asthma. Dendritic cells take up allergens, process them to peptides, and migrate to local lymph nodes where they present the allergenic peptides to uncommitted T-lymphocytes. With the aid of co-stimulatory molecules (e.g., B7.1, B7.2, and CD40), they program the production of allergen-specific T cells. Animal studies have demonstrated that myeloid dendritic cells are critical to the development of T helper type 2 (Th2) cells and eosinophilia.









Eosinophils


Eosinophilic infiltration is a characteristic feature of allergic inflammation. Allergen inhalation results in a marked increase in eosinophils in bronchoalveolar lavage fluid at the time of the late reaction, and there is a correlation between eosinophil counts in peripheral blood or bronchial lavage and AHR. Eosinophils are linked to the development of AHR through the release of basic proteins and oxygen-derived free radicals.40 Several mechanisms are involved in recruitment of eosinophils into the airways. Eosinophils are derived from bone marrow precursors, and the signal for increased eosinophil production is presumably derived from the inflamed airway. Eosinophil recruitment initially involves adhesion of eosinophils to vascular endothelial cells in the airway circulation, their migration into the submucosa, and their subsequent activation. The role of individual adhesion molecules, cytokines, and mediators in orchestrating these responses has been extensively investigated. Adhesion of eosinophils involves the expression of specific glycoprotein molecules on the surface of eosinophils (integrins) and expression of such molecules as intercellular adhesion molecule-1 (ICAM-1) on vascular endothelial cells. The adhesion molecule very late antigen-4 (VLA4) expressed on eosinophils, which interacts with VCAM-1 and IL-4, increases its expression on endothelial cells. GM-CSF and IL-5 may be important for the survival of eosinophils in the airways and for “priming” eosinophils to exhibit enhanced responsiveness.


There are several mediators involved in the migration of eosinophils from the circulation to the surface of the airway. The most potent and selective agents appear to be chemokines (e.g., CCL5, CC11, CCL13, CCL24, and CCL26) that are expressed by epithelial cells. There appears to be a co-operative interaction between IL-5 and chemokines, so that both are necessary for the eosinophilic response in the airway. Once recruited to the airway, eosinophils require the presence of various growth factors, of which GM-CSF and IL-5 appear to be the most important. In the absence of these growth factors, eosinophils may undergo programmed cell death (apoptosis).


After humanized monoclonal antibody to IL-5 is administered to asthmatic patients, there is a profound and prolonged reduction in circulating eosinophils, and eosinophils recruited into the airway following allergen challenge.41 However, there is no effect on the response to inhaled allergen and no reduction in AHR. Clinical studies with anti-IL-5–blocking antibody showed a similar profound reduction in circulating eosinophils, but no improvement in clinical measures of asthma control. A subsequent study attributed this to a failure to reduce mucosal eosinophilia.42 Recent studies with highly selected patients with persistent sputum eosinophilia despite high doses of inhaled corticosteroids have shown a reduction in exacerbations.43,44 These two studies underscore the importance of understanding the differing inflammatory process in subgroups of patients with asthma, rather than applying the same strategies to all patients.









Neutrophils


Neutrophils are the predominant inflammatory cells in patients with CF, and they appear to be involved in severe asthma, when increased numbers of neutrophils are found in the sputum and in bronchial biopsies (Figure 6-2).45-47 Putative causes for airway neutrophilia are corticosteroid therapy, which inhibits neutrophil apoptosis, chronic infection with atypical organisms such as Chlamydia or Mycoplasma, exposure to passive smoking, and gastroesophageal reflux and aspiration. It is not certain whether these neutrophils play a pathophysiologic role. However, they may generate oxidative stress that could play an important role in the pathophysiology of severe asthma. There is an increase in sputum neutrophils in patients following loss of asthma control.48
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Figure 6-2 Neutrophilic inflammation in asthma. Viruses, such as rhinovirus, stimulate the release of CXCL8 and CXCL1 from airway epithelial cells. Allergens activate dendritic cells to release IL-23, which recruits helper T-cells that secrete IL-17 (Th17 cells) to release tumor necrosis factor-α (TNF-α), which amplifies inflammation, and CXCL1 and CXCL8, which recruit neutrophils into the airways. Neutrophils release more CXCL8 and also transforming growth factor-β (TGF-β), which activates fibroblasts to cause fibrosis, and neutrophil elastase and matrix metalloproteinase-9 (MMP-9), which stimulate mucus hypersecretion from goblet cells.
 









T-Lymphocytes


T-lymphocytes play a very important role in coordinating the inflammatory response in asthma through the release of specific patterns of cytokines, resulting in the recruitment and survival of eosinophils and in the maintenance of mast cells in the airways.49 T-lymphocytes are coded to express a distinctive pattern of cytokines, which are similar to that described in the murine T helper 2 (Th2) type of T-lymphocytes, which characteristically express IL-4, IL-5, IL-9, and IL-13 (Figure 6-3). This programming of T-lymphocytes is presumably due to antigen-presenting cells, such as dendritic cells, which may migrate from the epithelium to regional lymph nodes or which interact with lymphocytes resident in the airway mucosa. The naïve immune system is skewed to express the Th2 phenotype; data now indicate that children with atopy are more likely to retain this skewed phenotype than normal children. There is some evidence that early infections or exposure to endotoxins might promote Th1-mediated responses to predominate and that a lack of infection or a clean environment in childhood may favor Th2 cell expression and thus atopic diseases.50 Indeed, the balance between Th1 cells and Th2 cells is thought to be determined by locally released cytokines, such as IL-12, which tip the balance in favor of Th1 cells, or IL-4 or IL-13, which favor the emergence of Th2 cells. Regulatory T cells (Tregs) suppress the immune response through the secretion of inhibitory cytokines (e.g., IL-10 and TGF-β) and play an important role in immune regulation with suppression of Th1 responses, and there is some evidence that Treg function may be defective in asthmatic patients.51
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Figure 6-3 T lymphocytes in asthma. Asthmatic inflammation is characterized by a preponderance of T helper 2 (Th2) lymphocytes over T helper 1 (Th1) cells. Regulatory T cells (Treg) have an inhibitory effect, whereas T helper 17 (Th17) cells have a pro-inflammatory effect. MHCI,Class 1 major histocompatibility complex; IL, interleukin; IFN-γ, interferon gamma; TGF-β, transforming growth factor beta; IgE, immunoglobulin E; Th0, uncommitted T cell.




Th17 cells are CD4+ cells that predominantly release IL-17 and IL-22 and may be involved in neutrophilic inflammation in severe asthma and CF.52 In contrast to Th1 and Th2 cells, Th17 cells are corticosteroid-resistant.









B-Lymphocytes


In allergic diseases B-lymphocytes secrete IgE, and the factors regulating IgE secretion are now much better understood.53 IL-4 is crucial in switching B cells to IgE production, and CD40 on T cells is an important accessory molecule that signals through interaction with CD40-ligand on B cells. There is increasing evidence for local production of IgE, even in patients with intrinsic asthma.54,55


A subset of CD4+ T cells termed invariant natural killer T (iNKT) cells secrete IL-4 and IL-13, but their role in asthma is currently uncertain as there appears to be a discrepancy between the data from murine models of asthma and humans.56









Basophils


The role of basophils in asthma is uncertain, as these cells have previously been difficult to detect by immunocytochemistry. Using a basophil-specific marker, a small increase in basophils has been documented in the airways of asthmatic patients, with an increased number after allergen challenge. However, these cells are far outnumbered by eosinophils (approximately 10:1 ratio), and their functional role is unknown.57 There is also an increase in the numbers of basophils, as well as mast cells, in induced sputum after allergen challenge.









Platelets


There is some evidence for the involvement of platelets in the pathophysiology of allergic diseases, since platelet activation may be observed and there is evidence for platelets in bronchial biopsies of asthmatic patients. After allergen challenge, there is a significant decrease in circulating platelets, and circulating platelets from patients with asthma show evidence of increased activation and release the chemokine CCL5.












Structural cells as sources of mediators


Structural cells of the airways, including epithelial cells, endothelial cells, fibroblasts, and even airway smooth muscle cells, may be an important source of inflammatory mediators, such as cytokines and lipid mediators in asthma and CF. Indeed, because structural cells far outnumber inflammatory cells in the airway, they may become the major source of mediators driving chronic airway inflammation. Epithelial cells may have a key role in translating inhaled environmental signals into an airway inflammatory response and are probably the major target cell for inhaled corticosteroids in asthma (Figure 6-4). Epithelial cells may also play an important role in CF in driving the neutrophilic inflammatory response through the release of CXCL1 and CXCL8. Through the release of growth factors, airway epithelial cells may also be important in driving the structural changes that occur in chronic airway inflammation.58 Epithelial cell integrity may also be an important factor in denying allergens exposure to the immune system; an increasing number of asthma susceptibility genes are expressed in the airway epithelium.59-61
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Figure 6-4 Airway epithelial cells in asthma. Airway epithelial cells may play an active role in asthmatic inflammation through the release of many inflammatory mediators, cytokines, chemokines, and growth factors. TNF-α, tumor necrosis factor alpha; IL, interleukin; CCL, C-C chemokine; PDGF, platelet-derived growth factor; EGF,epidermal growth factor; FGF, fibroblast growth factor; IGF, insulin-like growth factor.











Inflammatory mediators


Many different mediators have been implicated in asthma, and they may have a variety of effects on the airway, which accounts for all of the pathological features of asthma62 (Figure 6-5). Although less is known about the mediators of CF,63 it is becoming clear that they differ from those implicated in asthma. Because each mediator has many effects, the role of individual mediators in the pathophysiology of airway inflammatory disease is not yet clear. The multiplicity and redundancy of effects of mediators make it unlikely that preventing the synthesis or action of a single mediator will have a major impact in the therapy of these diseases. However, some mediators may play a more important role if they are upstream in the inflammatory process. The effects of single mediators can only be evaluated through the use of specific receptor antagonists or mediator synthesis inhibitors.
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Figure 6-5 Multiple cells, mediators and effects. Many cells and mediators are involved in asthma and lead to several effects on the airways. Th2,T helper 2 cells; Sm, smooth; PAF, platelet-activating factor; AHR, airway hyperresponsiveness.








Lipid Mediators


The cysteinyl-leukotrienes, LTC4, LTD4, and LTE4, are potent constrictors of human airways and may also increase AHR. Leukotriene antagonists have some bronchodilator and anti-inflammatory effects but are much less effective than inhaled corticosteroids in the management of childhood asthma.64 Platelet-activating factor (PAF) is a potent inflammatory mediator that mimics many of the features of asthma, including eosinophil recruitment and activation and induction of AHR; yet even potent PAF antagonists, such as modipafant, do not control asthma symptoms, at least in chronic asthma. Prostaglandins (PG) have potent effects on airway function, and there is increased expression of the inducible form of cyclo-oxygenase (COX-2) in asthmatic airways; however inhibition of their synthesis with COX inhibitors, such as aspirin or ibuprofen, does not have an effect in most patients. Prostaglandin D2 is a bronchoconstrictor prostaglandin produced predominantly by mast cells; it also activates a novel chemoattractant receptor termed chemoattractant receptor of Th2 cells (CRTh2) or DP2-receptor, which is expressed on Th2 cells and eosinophils and mediates chemotaxis of these cell types; it may provide a link between mast cell activation and allergic inflammation. Several oral CRTh2/DP2 antagonists are now in clinical development.65









Cytokines


Cytokines are increasingly recognized to be important in chronic inflammation and to play a critical role in orchestrating the type of inflammatory response. They are the target for the development of new asthma therapies66 (Figure 6-6). Many inflammatory cells (macrophages, mast cells, eosinophils, and lymphocytes) and airway structural cells are capable of synthesizing and releasing cytokines. While inflammatory mediators like histamine and leukotrienes may be important in the acute and subacute inflammatory responses and in exacerbations of asthma, it is likely that cytokines play a dominant role in maintaining chronic inflammation in airway diseases. Research in this area is hampered by a lack of specific antagonists, although important observations have been made using specific neutralizing antibodies that have been developed as novel therapies.
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Figure 6-6 The cytokine network in asthma. Many inflammatory cytokines are released from inflammatory and structural cells in the airway and orchestrate and perpetuate the inflammatory response.




The cytokines that appear to be of particular importance in asthma include the lymphokines secreted by T-lymphocytes. There is increased gene expression of IL-5 in lymphocytes in bronchial biopsies of patients with symptomatic asthma. However, as discussed earlier in the chapter, a blocking antibody to IL-5, while profoundly reducing circulating eosinophils, has no effects on the allergic response or on asthma control, except in a small subgroup of patients with steroid-resistant eosinophilic inflammation. IL-4 and IL-13 play a key role in the allergic inflammatory response since they determine the isotype switching in B cells that result in IgE formation. IL-4 (but not IL-13) is also involved in differentiation of Th2 cells and therefore may be critical in the initial development of atopy. Several antibodies that block IL-13 binding to the alpha chain of the IL-4 receptor, which is common to IL-4 and IL-13, are in development, but so far clinical results have been disappointing.


Other cytokines (e.g., IL-1β, IL-6, TNF-α, and GM-CSF) are released from a variety of cells, including macrophages and epithelial cells, and may be important in amplifying the inflammatory response. TNF-α may be an amplifying mediator in asthma and is produced in increased amounts in airways of patients with severe asthma. However, blocking TNF-α with a potent antibody had no clinical benefit in patients with severe asthma, and it also led to an increased risk of infections and cancers.67 TNF-α and IL-1β both activate the pro-inflammatory transcription factors—nuclear factor-κB (NF-κB) and activator protein-1 (AP-1)—which then switch on many inflammatory genes in the asthmatic airway.


Thymic stromal lymphopoeitin (TSLP) shows a marked increase in expression in airway epithelium and mast cells of asthmatic patients.68 TSLP appears to play a key role in programming airway dendritic cells to release CCL17 and CCL22 to attract Th2 cells (Figure 6-7).69
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Figure 6-7 Thymic stromal lymphopoetin in asthma. TSLP is an upstream cytokine produced by airway epithelial cells and mast cells in asthma that acts on immature dendritic cells to mature and release CCL17, which attracts Th2 cells via CCR4. Th2, T helper 2; CCL, chemokine; CCR,chemokine receptor.




Other cytokines, such as interferon-γ (IFN-γ), IL-10, and IL-12, play a regulatory role and may inhibit the allergic inflammatory process (see the section that follows).









Chemokines


Many chemokines are involved in the recruitment of inflammatory cells in the airways.26 Over 50 different chemokines are now recognized, and they activate more than 20 different surface receptors. Chemokine receptors belong to the seven transmembrane receptor superfamily of G-protein–coupled receptors; this makes it possible to find small molecule inhibitors, which has not been possible for classical cytokine receptors.70 Some chemokines appear to be selective for single chemokines, whereas others are promiscuous and mediate the effects of several related chemokines. Chemokines appear to act in sequence in determining the final inflammatory response, and so inhibitors may be more or less effective depending on the kinetics of the response.


Several chemokines, including CCL5, CC11, CCL13, CCL24, and CCL26, activate a common receptor on eosinophils termed CCR3. Increased expression in the airways of asthmatic patients is correlated with increased AHR. CCR4 chemokines are selectively expressed on Th2 cells and are activated by the CCL17 and CCL22 chemokines. Epithelial cells of patients with asthma express CCL22, which may then recruit Th2 cells, resulting in coordinated eosinophilic inflammation.


CXC chemokines are involved in the recruitment of neutrophils. CXCL1 and CXCL8 play an important role in neutrophilic inflammation in severe asthma and CF.









Oxidative Stress


As in all inflammatory diseases, there is increased oxidative stress, as activated inflammatory cells, such as macrophages, neutrophils, and eosinophils produce reactive oxygen species. Evidence for increased oxidative stress in asthma and CF is provided by the increased concentrations of 8-isoprostane (a product of oxidized arachidonic acid) in exhaled breath condensates and increased ethane (a product of oxidative lipid peroxidation) in exhaled breath of asthmatic patients.71,72 Increased oxidative stress is related to disease severity and may amplify the inflammatory response and reduce responsiveness to corticosteroids, particularly in severe disease and during exacerbations.









Nitric Oxide


Nitric oxide (NO) is produced by several cells in the airway by NO synthases. The inducible form of NO synthase (iNOS) shows increased expression, particularly in the airway epithelial cells and macrophages of asthmatic airways. Although the cellular source of NO within the lung is not known, inferences based on mathematical models suggest that it is the large airways that are the source of NO; in severe asthma there is evidence that small airways also produce it.73 The combination of increased oxidative stress and NO may lead to the formation of the potent radical peroxynitrite that may cause tyrosine nitration of proteins in the airways.









Growth Factors


Many growth factors are released from inflammatory cells and structural cells in airway diseases; these may play a critical role in the structural changes that occur in chronic inflammation, including fibrosis, airway smooth muscle thickening, angiogenesis, and mucous hyperplasia. While the role of individual mediators is not yet established, there is evidence for increased expression of transforming growth factor-β (a mediator associated with fibrosis), vascular-endothelial growth factor (a mediator associated with angiogenesis), and epidermal growth factor (a mediator that induces mucous hyperplasia and expression of mucin genes) (Figure 6-8).
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Figure 6-8 Growth factors and airway structural changes in asthma. TGF,transforming growth factor; FGF, fibroblast growth factor; CTGF, connective tissue growth factor; EGF, epidermal growth factor; PDGF, platelet-derived growth factor; VEGF, vascular-endothelial growth factor; ET, endothelin.














Neural mechanisms


Neural mechanisms may play an important role in the inflammatory response of airways. Neural reflexes may be activated by inflammatory signals, resulting in reflex bronchoconstriction, and airway nerves may release neurotransmitters, particularly neuropeptides, that have inflammatory effects.74 There is a close interaction between nerves and inflammatory cells in allergic inflammation, as inflammatory mediators activate and modulate neurotransmission, whereas neurotransmitters may modulate the allergic inflammatory response. Inflammatory mediators may act on various prejunctional receptors on airway nerves to modulate the release of neurotransmitters. Inflammatory mediators may activate sensory nerves, resulting in reflex cholinergic bronchoconstriction or release of inflammatory neuropeptides (Figure 6-9). There is particular interest in the role of neural mechanisms in animal models and human disease caused by respiratory syncytial virus.75-77
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Figure 6-9 Two-way interaction between inflammation and neural control of the airways.




Inflammatory products may also sensitize sensory nerve endings in the airway epithelium, so that the nerves become hyperalgesic. Hyperalgesia and pain (dolor) are cardinal signs of inflammation, and in the asthmatic airway hyperalgesia may mediate cough and chest tightness, which are characteristic symptoms of asthma. The precise mechanisms are not yet certain, but mediators such as prostaglandins, certain cytokines, and neurotrophins may be important. Neurotrophins, which are released by various cell types in peripheral tissues, may cause proliferation and sensitization of airway sensory nerves.78 Neurotrophins, such as nerve growth factor (NGF), may be released from inflammatory and structural cells in asthmatic airways and then stimulate the increased synthesis of neuropeptides (e.g., substance P) in airway sensory nerves, as well as sensitizing nerve endings in the airways. Thus, NGF is released from human airway epithelial cells after exposure to inflammatory stimuli. Neurotrophins may play an important role in mediating AHR in asthma.


Airway nerves may also release neurotransmitters that have inflammatory effects. Thus neuropeptides such as substance P (SP), neurokinin A, and calcitonin-gene–related peptide may be released from sensitized inflammatory nerves in the airways, increasing and extending the ongoing inflammatory response in asthma and other types of chronic inflammation.79









Transcription factors


The chronic inflammation of asthma and CF is due to increased expression of multiple inflammatory proteins (i.e., cytokines, enzymes, receptors, adhesion molecules). In many cases, these inflammatory proteins are induced by transcription factors, DNA binding factors that increase the transcription of selected target genes (Figure 6-10). One transcription factor that may play a critical role in asthma is NF-κB, which can be activated by multiple stimuli, including protein kinase C activators, oxidants, and pro-inflammatory cytokines (such as IL-1β and TNF-α). There is evidence for increased activation of NF-κB in asthmatic airways, particularly in epithelial cells and macrophages. NF-κB regulates the expression of several key genes that are overexpressed in asthmatic and CF airways, including pro-inflammatory cytokines (IL-1β, TNF-α, GM-CSF), chemokines (IL-8, RANTES, MIP-1α, eotaxin), adhesion molecules (ICAM-1, VCAM-1), and inflammatory enzymes (cyclooxygenase-2, iNOS).80 Many other transcription factors are involved in the abnormal expression of inflammatory genes in asthma, and there is growing evidence that there may be a common mechanism that involves activation of co-activator molecules at the start site of transcription of these genes. They are activated by transcription factors that induce acetylation of core histones around which DNA is wound in the chromosome. Local unwinding of DNA opens up the chromatin structure and allows RNA polymerase and other transcription factors to bind, thus switching on gene transcription.81
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Figure 6-10 Pro-inflammatory transcription factors in asthma. Transcription factors play a key role in amplifying and perpetuating the inflammatory response in asthma. Transcription factors, including nuclear factor kappa-B (NFκB), activator protein-1 (AP-1), and signal transduction-activated transcription factors (STATs), are activated by inflammatory stimuli and increase the expression of multiple inflammatory genes.




Transcription factors play a critical role in determining the balance between Th1 and Th2 cells. The transcription factor GATA-3 determines the differentiation of Th2 cells and the expression of Th2 cytokines; it shows increased expression in asthmatic patients.39 The differentiation of Th1 cells is regulated by the transcription factor T-bet. Deletion of the T-bet gene is associated with an asthma-like phenotype in mice, suggesting that it may play an important role in inhibiting the development of Th2 cells.









Anti-inflammatory mechanisms


Although most emphasis has been placed on inflammatory mechanisms, there may be important anti-inflammatory mechanisms that may be defective in asthma, resulting in increased inflammatory responses in the airways.82 Endogenous cortisol may be important as a regulator of the allergic inflammatory response, and nocturnal exacerbation of asthma may be related to the Circadian fall in plasma cortisol. The blockade of endogenous cortisol secretion by metyrapone results in an increase in the late response to allergen in the skin. Cortisol is converted to the inactive cortisone by the enzyme 11β-hydroxysteroid dehydrogenase, which is expressed in airway tissues. It is possible that this enzyme functions abnormally in asthma or may determine the severity of asthma.


Various cytokines have anti-inflammatory actions. IL-1 receptor antagonist (IL-1RA) inhibits the binding of IL-1 to its receptors and therefore has a potential anti-inflammatory capability in asthma. It is reported to be effective in an animal model of asthma. IL-12 and IFN-γ enhance Th1 cells and inhibit Th2 cells. IL-12 promotes the differentiation and thus the suppression of Th2 cells, resulting in a reduction in eosinophilic inflammation, and its expression may be reduced in asthmatic airways.


IL-10, which was originally described as cytokine synthesis inhibitory factor, inhibits the expression of multiple inflammatory cytokines (TNF-α, IL-1β, GM-CSF) and chemokines, as well as inflammatory enzymes (iNOS, COX-2). There is evidence that IL-10 secretion and gene transcription are defective in macrophages and monocytes from asthmatic patients; this may lead to enhancement of inflammatory effects in asthma and may be a determinant of asthma severity.83 IL-10 secretion is lower in monocytes from patients with severe asthma compared to mild asthma, and there is an association between haplotypes associated with decreased production and severe asthma.


Another family of molecules of potential interest is the lung Kruppel-like transcription factor (LKLF) family proteins. LKLF plays a pivotal role in maintenance of T-lymphocyte quiescence;7 this is of interest in view of our recent findings of increased T cells in the CF airway.84 A recent manuscript showed that LKLF suppresses P. aeruginosa–induced activation of NFκB and subsequent IL-8 release from airway cells, but, in turn, its expression was inhibited by the pro-inflammatory cytokine TNF-α.85 There was evidence that LKLF is abundantly present in normal small airway human tissue sections, but the signal lessens as inflammation worsens, and the presence of activated human neutrophils “switches off” LKLF in airway epithelial cells. This suggests a counterinflammatory role for LKLF in airway epithelium, and provides evidence for cytokine regulation of LKLF in a TNF-α–dependent fashion, suggesting that LKLF downregulation may be a mechanism by which the presence of neutrophil-secreted cytokines in the airway lumen contributes to the continuous activation of airway epithelium in CF lung disease.


Lipoxins (LX) are anti-inflammatory lipid mediators that modulate neutrophilic inflammation.8 Reduced LXA4 was first described in BALF from CF patients, and in a mouse model, exogenous LXA4 was shown to abrogate inflammation and infection, and reduce disease severity.86 Recent studies have further elucidated the regulation of this mediator.9 Resolvin E1 (RvE1), which is a potent inhibitor of neutrophil transmigration across epithelial and endothelial barriers, has been shown to promote the resolution of airway inflammation by suppressing IL-23 and IL-6 production in the lung. This is of particular interest, given that IL-23 promotes the survival of TH-17 cells in the airway.87 These cells secrete IL-17A, which has been linked to the pathogenesis of a number of inflammatory diseases88 and which we have found in BALF from children with CF.89 Furthermore, administration of antibodies to interferon (IFN)-γ leads to increased BALF leukocytosis, which was abrogated by co-administration of RvE.90 So far there is little, if any, evidence for a role of this axis in CF or other pediatric inflammatory lung diseases.


The docosohexanoic acid Prostaglandin D (PD)1-derived mediator is one of the arachidonic acid–derived family of mediators that terminate inflammation, along with LXA4 and its epimer aspirin- derived LXA4, and RvE1 (above, derived from eicosopentanoic acid). A murine peritonitis model was recently used to demonstrate that inhibition of cyclo-oxygenase or lipoxygenases leads to a defect of resolution of inflammation, which could be rescued by RvE1, PD1, or an aspirin-triggered LPX4 analog.91 No airway data have been reported, but this is another potential mechanism of resolution of inflammation that merits further investigation.


Other mediators may also have anti-inflammatory and immunosuppressive effects. PGE2 has inhibitory effects on macrophages, epithelial cells, and eosinophils, and exogenous PGE2 inhibits allergen-induced airway responses. Its endogenous generation may account for the refractory period after exercise challenge. However, it is unlikely that endogenous PGE2 is important in most asthmatics since non-selective cyclo-oxygenase inhibitors only worsen asthma in a minority of patients (aspirin-induced asthma). Several other lipid mediators, including lipoxins, resolvins and protectins, promote resolution of inflammation and may be reduced in asthma patients.92









Non-invasive assessment of airway inflammation


Inflammation plays a key role in the pathophysiology of airway diseases, and suppression of this inflammation is a major aim of therapy. This implies that the degree of inflammation needs to be assessed during clinical management. Physiologic measurements, such as spirometry, measure the outcome of inflammation but only reflect inflammation indirectly. Furthermore, spirometry is a notoriously poor asthma endpoint in children,93-95 and treatment with bronchodilators makes changes difficult to interpret. Direct measurement of inflammation by bronchial biopsy or bronchoalveolar lavage is valuable in research studies, but is clearly inappropriate for routine assessment and for repeated measurements, especially in children. This means that less invasive procedures need to be devised for assessing airway inflammation.


The characteristics of the ideal “inflammometer” are shown in Table 6-1. Unfortunately, no such instrument exists! There are two broad reasons for wishing to measure airway inflammation: to study the mechanisms of disease and as a clinical tool to monitor treatment in an individual. Unfortunately, the two are frequently confused. The finding that levels of a particular mediator are statistically significantly different between groups may lead to valuable pathophysiologic insights, but if the overlap between asthma and normal groups is considerable, measuring the mediator is likely to be completely useless as a monitoring tool in clinical practice. This is neatly illustrated by the use of measurements of exhaled and nasal NO in primary ciliary dyskinesia (PCD); exhaled nasal NO is lower in PCD than in normals, but the overlap means it cannot be used as a diagnostic tool; on the other hand, a low nasal NO almost completely differentiated PCD from normals.96


Table 6-1 Characteristics of the Ideal “Inflammometer”






	Cheap






	Easy to maintain and calibrate






	Completely non-invasive






	Easy to use, no co-operation needed






	Directly measures all relevant aspects of inflammation






	Provides rapid availability of answers






	Evidence of beneficial clinical outcomes











Induced Sputum


Sputum may be induced by nebulized hypertonic saline (3.5% or 7%) for analysis of inflammatory cells and mediators. This technique has been applied successfully to children; however, it is difficult to use in clinical practice, and up to 25% of children do not produce a useable sample.97 In younger children, the figure is even higher. Furthermore, the technique of sputum induction may induce wheezing in asthmatic patients, is time-consuming and uncomfortable, and may induce inflammation in the airways, making repeated measurements difficult. Sputum induction has proved to be a useful research technique in investigating airway inflammation in children. It measures proximal luminal inflammation, but relates poorly to airway wall pathology, and probably even more loosely to distal inflammatory changes. One study showed that the absence of eosinophils in induced sputum was predictive of a successful taper of inhaled steroids.98 A second study99 showed that a strategy of adjusting treatment to try to normalize induced sputum eosinophils measured every 3 months in children with very severe asthma was not beneficial compared with a standard strategy. A post hoc analysis did show a reduction in exacerbations in the month immediately following the measurement.99 At the present time, there is insufficient evidence to recommend the routine use of induced sputum in clinical practice because of the technical issues involved in obtaining samples in children and the lack of studies showing improved outcome.









Exhaled Gases


There has been considerable recent progress in the measurement of exhaled gases that may reflect the inflammatory process in the airways.100 This technique is technically simple and is feasible, even in young children. Repeated measurements are possible and also feasible in patients with severe disease.









Exhaled Nitric Oxide


Most progress has been made with NO, which can be detected in exhaled breath by chemiluminescence analyzers. The concentration of NO is increased in the exhaled breath of children (including infants) with asthma and decreases with inhaled corticosteroid therapy.101 Using multiple flows, it is possible to partition exhaled NO into central and peripheral fractions; this provides information about inflammation in central and peripheral airways.102 However, there are no data to show clinical utility in children. Exhaled NO is correlated with other markers of inflammation such as eosinophils in induced sputum and AHR in children; however, the relationship is not a particularly close one. The correlation between NO and airway eosinophilia is closest in steroid-naïve children (the group in whom it is least likely to be useful). Longitudinal studies99 show that even in the same individual, the relationship between NO and sputum eosinophilia varies over time, with a high NO sometimes seen with a normal sputum eosinophil count, and vice versa.


There is some evidence that NO measurement may be useful in pediatric asthma. It may predict exacerbations in pollen-sensitive asthma,103 and titrating an inhaled steroid dose to exhaled NO levels may improve outcomes without the use of an increased dose of medication.104 In another study, a rise in exhaled NO predicted the need to reintroduce inhaled corticosteroids after weaning.105 There is some suggestion in the cumulated literature that the role of NO may be to predict the risk of exacerbations of asthma, similar to persistent airway eosinophilia, but this has not yet been confirmed by a formal meta-analysis. Two recent studies showed no evidence of benefit in adding exhaled NO to standard monitoring.106,107 This probably indicates that, if basic management is optimized, most children respond so well to low to moderate doses of asthma therapy that there is little scope for demonstrating additional benefit with NO measurements. Exhaled NO is paradoxically reduced in CF, which may reflect the high degree of oxidative stress and generation of superoxide anions that combine avidly with NO to form peroxynitrite, high concentrations of which are detectable in CF airways. It is also reduced in PCD, which is generally characterized by a less severe airway disease than CF; the mechanism of this reduction, and how it fits with the relative severity of airway disease, is still being studied.









Other Exhaled Gases


There are other exhaled volatile markers of inflammation, but these are less well characterized than NO. Exhaled carbon monoxide reflects the activation of heme oxygenase-1, an enzyme induced by stress. Concentrations of CO are increased in asthmatic children and children with CF; however, there is a large degree of overlap with values in normal children, and environmental factors interfere with the measurements, so it is less useful than exhaled NO. Ethane is formed by lipid peroxidation in response to oxidative stress, and levels are increased in asthma and CF, but this requires complex measurements by gas chromatography-mass spectrometry, so it is not practical in clinical studies.108,109 Indeed, exhaled breath contains multiple hydrocarbons, and there is emerging evidence that these may show different patterns in different diseases, reflecting the different components of inflammation, so that each disease may have a unique “breathogram.”110,111 There are currently no studies to indicate that these measurements are useful in the routine clinical management of children.









Exhaled Breath Condensate


Exhaled breath condensate (EBC) is formed through condensation of cooled exhaled breath and has been analyzed for a variety of mediators, including hydrogen peroxide, lipid mediators, purines, and cytokines.112,113 Measurement of pH has shown differences between diseases,114 but it is difficult to interpret these data because the hydrogen ion concentration differences seem unphysiologically great and do not correlate with direct measurements of airway surface pH at bronchoscopy.115 Differences in the patterns of mediators are found between asthma and CF, reflecting the different inflammatory mediators in the respiratory tract. Exhaled 8-isoprostane has been found to be a useful measurement of oxidative stress, with increased concentrations in severe asthma and CF. The concentrations of mediators in EBC are low, therefore sensitive assays are needed and great attention must be paid to the collection procedure and the avoidance of salivary contamination. New approaches in the future will include metabonomic analysis, in which multiple metabolites are monitored, giving unique patterns for each disease.116 EBC has never been demonstrated to be a useful clinical tool in pediatric chest disease.









Is AHR an Inflammatory Surrogate?


The first adult study to suggest that something more than standard monitoring improved asthma outcomes used AHR measurement over a 2-year period and demonstrated that a strategy aimed at normalizing AHR led to a greater use of inhaled corticosteroid and improved asthma outcomes.117 There is one such pediatric study, which showed minor evidence of benefit using an AHR strategy.118 This is not likely to be a clinically useful strategy; the measurements are time-consuming, and there is only a loose relationship between inflammation and AHR,119 and between changes in AHR and changes in inflammation.120,121









Other Potential Undirect Inflammatory Markers


There have been some studies using blood or urine levels of various eosinophil proteins, but none suggesting that their routine measurement in clinical practice is useful. Elevations in these proteins may be due to extrapulmonary atopic disease, such as eczema or rhinoconjunctivitis, leading to a lack of specificity.












Is there a role for inflammometry in pediatric respiratory disease?


Despite a profusion of research papers, no single set of guidelines is able to make an evidence-based recommendation that inflammometry should be a routine clinical tool. This may in part be due to a false perception that measurement of an inflammatory marker will mean perfect sensitivity and specificity, with no need to make any other measurement. It is interesting to compare the expectations of inflammatory markers, compared to what spirometry has delivered. No one would suggest abandoning spirometry, a routine measurement in every good asthma clinic, but spirometry is rarely diagnostic of asthma, correlates poorly with disease severity, and is a poor endpoint in clinical trials. We suggest that, as with spirometry, measurement of airway inflammation will find a role as part of the assessment process.


There is no one gold-standard diagnostic test for asthma. Many different physiologic measurements of airway caliber and responsiveness can be made; in general, they have poor sensitivity, but reasonable specificity for the diagnosis. Most clinicians would take the view that the more such tests are done, and the more that are negative, the more critically an alternative diagnosis should be sought. It may be that measurements of airway inflammation should be used in the same way.


In terms of monitoring asthma, it is clear that if the basics are right, most asthmatic children respond well to low-dose medications, and there is not likely to be a role for inflammometry. Whether it has a role in really severe asthma is discussed in Chapter 48. However, just as reports of severe symptoms of asthma in conjunction with no evidence of AHR should lead to a suspicion of overreporting, perhaps the same will be true for those with reports of severe symptoms and no evidence of inflammation.


In summary, currently there is no evidence that measurement of airway inflammation should be used routinely. There are hints of a possible role in the future, perhaps if it can be shown in children, as well as adults, that there are patients with discordance between inflammation and symptoms. Disappointingly, despite more than 10 years since the publication of the first proof-of-concept study that adult asthma is managed better by going beyond asking about symptoms and performing routine spirometry, more work is needed to determine which inflammatory markers should be measured, and in which children.









Direct measurements of airway inflammation


There are far fewer bronchoscopic studies in children than in adults. This in part relates to ethics; any invasive procedure must be of direct benefit to the individual child. Neither parents nor children can consent to an invasive procedure that is of no direct benefit to the child. It has been shown that bronchoscopy, bronchoalveolar lavage, and endobronchial biopsy are safe in children with severe asthma when performed carefully by experienced personnel. It is ethical to take additional samples for research purposes at the time of a clinically indicated bronchoscopy, if the Institutional Review Board approves the procedure, the parents give informed consent, and the child gives age-appropriate assent.122 The main problem with pediatric bronchoscopic studies is that they are invariably cross-sectional, because serial bronchoscopies are rarely, if ever, appropriate in children. Other problems include the general lack of milder asthmatics, since bronchoscopy is rarely indicated in these children, and the lack of true normal controls, since there is no non-respiratory indication for a bronchoscopy. This last issue is addressed by using children with upper airway disease, hemoptysis for which no cause is found, or chronic cough unrelated to asthma. None of these controls is completely suitable.


An alternative approach, also completely ethical with the previous caveats, is to do a blind non-bronchoscopic lavage and bronchial brushings in children who are intubated for routine pediatric surgery.123,124 This is the only way that large numbers of normal or mildly asthmatic children can be studied.









Therapeutic implications


Inflammation is a key feature of asthma and CF so that anti-inflammatory treatments should play an important role in therapy. Inhaled corticosteroids have become the first-line therapy for asthma in children, as low doses are usually sufficient to control asthma. However, in severe asthma there is cellular and molecular resistance to the anti-inflammatory effects of corticosteroids125 The inflammation in CF is also corticosteroid-resistant, and one should note that adverse effects have resulted from anti-inflammatory therapy. Better understanding of the inflammatory mechanisms involved in severe asthma and CF should lead to more effective therapies in the future.126






Corticosteroid Mechanisms


Corticosteroids have a broad spectrum of anti-inflammatory effects and switch off multiple activated inflammatory genes that have been activated by pro-inflammatory transcription factors (e.g., NFκB and AP-1127). Activation of these transcription factors recruits co-activator molecules that acetylate core histones, opening up the chromatin structure so that gene transcription is activated. Corticosteroids reverse this process partly by inhibiting the activity of co-activators but mainly by recruiting the nuclear enzyme histone deacetylase-2 (HDAC2) to the activated inflammatory gene complex to reverse histone acetylation and switch off gene transcription.









Mechanisms of Corticosteroid Resistance


In children, corticosteroid resistance may be the result of allergen exposure (at home or at school128) via IL-2– and IL-4–dependent mechanisms129,130 or secondary to active and passive cigarette smoke exposure.131-133 Obesity may also be a cause of steroid resistance.134 Several molecular mechanisms of corticosteroid resistance have now been identified.125 Neutrophilic inflammation is poorly responsive to corticosteroids as they increase neutrophil survival, and Th17-driven neutrophil inflammation, which is likely to be important in severe asthma and CF, is corticosteroid-resistant. An important mechanism of corticosteroid resistance that is secondary to oxidative stress is a reduction in HDAC2 activity and expression, resulting in amplified inflammation and reduced responsiveness to corticosteroids.135 This reduction in HDAC is a combination of tyrosine nitration of the enzyme due to peroxynitrite formation and phosphorylation of the enzyme as a result of inhibiting phosphoinositide-3-kinase-δ.136 Interestingly, this can be reversed by low concentrations of theophylline.












Conclusion


Airway inflammation is a critical component of many chronic airway diseases in children. The inflammatory response involves many different inflammatory cells that are recruited to and activated in the airways. Each of these cells releases multiple mediators, which then exert effects on the airway wall. In asthma, the major effects are bronchoconstriction and plasma exudation, whereas in CF the predominant response is mucus hypersecretion and airway wall destruction, ultimately leading to respiratory failure. Among the multiple mediators of inflammation, cytokines play an important role in orchestrating the inflammatory response and amplifying and perpetuating inflammation, whereas chemokines play a key role in selective recruitment of inflammatory cells to the airway. The molecular basis of inflammation is now understood better, with increased expression of multiple inflammatory genes, switched on by transcription factors such as NFκB and AP-1. Endogenous anti-inflammatory mechanisms counteract these effects, and there is some evidence that the mechanisms are defective in asthma, allowing inflammation to become more severe or to persist longer. Neural mechanisms and neurotrophins may also be involved in amplifying the inflammatory response. This complex inflammatory process should be monitored in the management of airway disease, and there are several new non-invasive approaches by breath analysis, including exhaled NO and exhaled breath condensate, that look promising in children. Corticosteroids are highly effective in suppressing inflammation in asthma, but they are poorly effective in severe asthma and are ineffective in CF as the result of several corticosteroid-resistance mechanisms.
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The practice of pediatric pulmonology often includes the child with “too many” respiratory infections. Considering the volume of air (and potential airborne pathogens) transiting the respiratory system daily, the question should actually be, “Why don’t we get more infections?” The conducting airways branch 20 to 25 times between the trachea and the alveoli. The large surface area of the conducting airways and alveolar surfaces (>70m2 in the adult) poses a great challenge for the lung defenses. These defenses have evolved to interact and protect the lung from potentially injurious or infectious agents. The anatomy of the lung, lung products, cell receptors (and subsequent signaling mechanisms), and host cellular responses all contribute to the normal lung defense, disease prevention, and injury repair. A defect in any of these defenses can result in an increased susceptibility to infection in the absence of classic immunodeficiencies. In this chapter, we will review several aspects of the lung defenses. First, we will consider the contribution of the airway anatomy, physiology, and secretory products in limiting access of pathogens to the respiratory tract (intrinsic defenses). We will then consider the roles of the various “pattern recognition” proteins and receptors that provide the first line of antimicrobial and inflammatory defenses against invading pathogens (innate defenses) and orchestrate subsequent cellular immunity and antibody development (adaptive defenses). Finally, once these responses are initiated, there has to be control to turn off the lung defenses and allow repair to occur. While there is a degree of redundancy in the function of the intrinsic, innate, and adaptive responses in the lung, defects in these defenses, which overwhelm the capacity of the defenses to protect the lung, or the inability to “turn off” inflammatory responses, can “tip the scale” and place the host at increased risk for infection, chronic inflammatory lung disease, and lung injury.






Intrinsic lung defenses






Aerodynamic Filtering


The anatomy of the airways and the dichotomous branching of the lower airways make important contributions to the defense of the lungs against infection. The initial barrier is the nose, which acts as an effective filter because of its unusual structure and surface area. Very large particles are filtered by the nasal hairs, and particles larger than 10 μm impact on the surfaces of the turbinates and septum. Impaction is facilitated by the inertia of these large particles, as they have a high linear velocity and do not easily change direction to follow air flow. The tonsils and adenoids are strategically located to deal with larger soluble particles by specific local defenses. If the tonsils and adenoids are markedly enlarged, nasal resistance may be increased, resulting in mouth breathing and bypassing of the nasal anatomic defenses. Edema of the turbinates from viral infections or allergies may produce similar effects. Hydrophilic particles are enlarged by humidification of the inspired air, and this facilitates their impaction in the upper airways.


Particles between 2 and 10 μm are removed from the air flow by impaction on the walls of the branching airways beyond the nose, and by sedimentation. Sedimentation occurs because the increasing cross-sectional area of the conducting airways leads to a decrease in the linear air flow velocity such that gravitational forces may act on the particles. Smaller particles (as small as 0.2 μm) may not sediment at all and are exhaled. Particles in the size range of 2 to 0.2 μm generally penetrate the airways and can be deposited on the surfaces of the alveoli. Particles that are highly soluble are cleared from the lung in the lymphatic circulation. Particles in this size range include many bacteria, fungal spores, and larger (filamentous) viruses. Other physical factors may also be important in particle penetration. For example, an antigen such as Alternaria sp., which is 30 μm long and 10 μm wide, may penetrate deep into the lung because of its kite-like shape and efficient aerodynamic qualities. The electrostatic charges of particles may also affect lung penetration. Unipolar charged aerosols in high concentration may be deposited on the airway walls by electrostatic repulsion between the particles. Aerosol devices and metered-dose inhalers use particle size to direct deposition of the medication to different levels of the airway.









Humidification


Humidification begins at the nose and continues distally. Ultimately, inspired air is warmed to body temperature (37° C) and 100% relative humidity. As discussed later, adequate hydration of mucus is essential to its proper functioning. The upper airway receives some humidity from convection of warm, humidified alveolar gas. During exhalation, the temperature drops and condensation forms on the upper airways, keeping their surfaces wet. The isothermal saturation boundary (the point where air becomes body temperature) is at 100% relative humidity, and the humidity remains constant as gas continues to move distally. This point occurs somewhere below the carina and will shift, depending on ambient temperature, humidity, and volume and rate of air exchange. It will also shift distally when the upper airway is bypassed, such as by tracheostomy. It will never drop to the level of the respiratory bronchioles, so gas at functional residual capacity (FRC) is at stable temperature and humidity, and in equilibrium with the blood and alveolar tissue. These concepts become relevant during normal physiology (e.g., during bronchospasm in exercise or cold air) and under pathologic conditions, iatrogenic or otherwise (e.g., tracheostomy).1









Airway Reflexes


Sneezing, bronchoconstriction, and coughing are airway reflexes that act as nonspecific host defenses. Sneezing is a forceful expulsion of air that is triggered by receptors in the nose and nasal pharynx and is effective in clearing the upper pharynx and nose. The mechanisms are similar to coughing (described in the following paragraph). Bronchoconstriction may also prevent entry of particles into the distal airways by decreasing airway caliber and redirecting air flow away from the irritated airways. It leads to increased pulmonary resistance, decreasing air velocity in the peripheral airways, thereby increasing the likelihood of sedimentation.


Coughing is a forceful expulsion of air from the lungs that is under both voluntary and involuntary control. The anatomic type of sensory nerves involved in the human cough reflex has been difficult to delineate. There are at least nine sensory receptors in the bronchopulmonary system, and at least five involve the cough reflex.2 It seems likely that the unmyelinated C fibers and the myelinated irritant receptors containing substance P and calcitonin-gene–related peptide (CGRP) are involved.2 Cough receptors appear to be located within the epithelium of the pharynx, larynx, trachea, and the bifurcations of the major bronchi. These receptors can be stimulated by inflammatory mediators, chemical irritants, osmotic stimuli, and mechanical stimulation.3 Respiratory sensations are elicited by central neural events as well as those just mentioned. Stimulation of respiratory afferents results in cognitive awareness of breathing and the urge to cough.4


The reflex of cough is initiated by stimulation of afferent fibers leading to the vagus nerve that connect to the cough center in the medulla oblongata and conscious awareness in the suprapontine brain. Some centrally-acting cough suppressants, such as opiates, have their effect in the medulla oblongata. Efferent fibers transmit stimuli along the vagus nerve and spinal cord to the larynx, diaphragm, and abdominal muscles to produce cough.3 After the cough, a feedback loop occurs to determine if the cough satisfied the urge to cough. The limbic system is involved with this portion of the cough cycle, thus not all cough is purely reflexive. The cognitive urge to cough is an integration of respiratory afferents, respiratory motor system, affective state, attention, learning, and experience.4









The Mechanics of Cough and Abnormalities in the Cough Reflex


There are six important phases of cough that create high velocities in the upper airway. These flow rates are necessary to create shear rates required to clear mucus from the airway walls and to promote its expulsion through the larynx. The phases of coughing are summarized as follows:5




1. Irritation phase—cough triggered by stimulation of the irritant receptors in the tracheobronchial tree


2. Inspiratory phase—initiated by a deep breath, which is usually 1.5 to 2 times the tidal volume. Air enters the airway distal to secretions. The length-tension relationships of the respiratory muscles are increased and optimized for contraction, elastic recoil potential increases, and the bronchi dilate.


3. Glottic closure—necessary to build pressure for subsequent phases of cough


4. Compression phase—begins with closure of the larynx and is followed by contraction of the intercostal muscles and abdominal musculature, which rapidly leads to increased intrathoracic pressure. Esophageal pressures can reach levels as high as 300 cm H2O or more in normal adults. This phase is fast, lasting approximately 200 msec.


5. Expulsive phase—initiated when the glottis opens and high air flows are achieved. Following the glottic opening, the airways may collapse by as much as 80% in tracheal cross-sectional area, which increases the linear velocity of exhaled gas, shearing mucus from the airway walls and moving it toward the mouth. Estimated velocities approach 25,000 cm/sec (¾ the speed of sound). The cough may be interrupted by a series of glottic closures, each with its own compressive and expulsive phases. These “spikes” in flow, or flow transients, can improve cough effectiveness by increasing the shear forces. In patients with significant airway malacia, the equal pressure point may be quite proximal and limit cough effectiveness. Efforts to move this point distally (e.g., positive expiratory pressure device at the mouth) should improve cough effectiveness.


6. Relaxation phase—characterized by a decrease in intrathoracic pressure associated with relaxation of the intercostal and abdominal muscles, and temporary bronchodilation.





Abnormalities of the cough mechanism can result in an ineffective cough. Cough receptors are not present in the alveoli or lung parenchyma, therefore coughing may be absent in children with extensive alveolar disease or pneumonic consolidation. It is possible that repeated stimulation of cough receptors will eventually lead to a decrease in their sensitivity. This mechanism may explain why cough is sometimes absent in children with gastroesophageal reflux and recurrent aspiration. A decrease in the sensitivity of the cough center occurs in obtunded patients and individuals under the influence of opiates. The efferent nerves can be affected by poliomyelitis or infantile botulism. Muscles of coughing can be affected by neuromuscular diseases such as spinal muscular atrophy or muscular dystrophy, leading to inadequate cough clearance of mucus from the airways and increased tendency toward atelectasis. Laryngeal disorders such as vocal cord paralysis, or the presence of a tracheostomy tube, prevent effective laryngeal closure so that the cough can lose its explosive quality and thereby airway clearance decreases. In patients with neuromuscular disorders, the use of cough-assist devices may be useful in enhancing airway clearance diminished by low muscular force.5









Mucus and Airway Surface Liquid


Respiratory mucus and mucociliary clearance are the major components of intrinsic lower respiratory defense. Mucus is a mixture of water, ions, glycoproteins (mucins), proteins, and lipids. Water is the predominate component (more than 90%) of normal mucus.6 The airways between the larynx and the respiratory bronchioles are lined by ciliated columnar epithelium and covered by an airway surface liquid (ASL) layer that is 5 to 100 μm thick. With the advent of the capacity to measure airway surface liquid in vivo and the development of well-differentiated human airway epithelial cultures that exhibit mucus transport in vitro, it is has become possible to investigate the microanatomy of mucus transport in humans.7 ASL consists of two distinct layers: the sol or periciliary liquid (PCL) layer adjacent to the epithelial surface, and the gel or surface mucus layer that appears to float on top of the sol layer. The periciliary liquid layer is a mucus-free zone at the cell surface approximately the height of the cilia. This layer is crucial because it provides a low-viscosity fluid in which the cilia can beat rapidly (8 to 20 Hz), moving the more viscous gel layer of mucus over it and shielding the epithelial surface from the overlying mucus layer.


Mucus provides several important airway defense functions. These are: (1) a covering sheet that entraps particulate matter and microorganisms; (2) a movable medium that can be propelled by cilia (the tips of cilia drive the gel layer over the sol layer toward the oropharynx); (3) a waterproofing layer that acts to reduce fluid loss through the airways; (4) a layer present to detoxify noxious inhaled irritants; and (5) a medium that transports essential secreted substances such as enzymes, defensins, collectins, antiproteases, and immunoglobulins (discussed later).


There are currently 21 human membrane-associated mucin (MUC) genes listed in Genbank.6 MUC1, MUC4, MUC16, and seven others are constitutively expressed in the lung. These proteins function as epithelial membrane receptors, having extracellular, transmembrane, and cytoplasmic domains that participate in outside-in signal transduction. The intracellular cytoplasmic tail domain transmits signals through intracellular kinases. MUC1 and MUC4 dimerize and regulate the epidermal growth factor receptor (EGFR). These apical glycosylated proteins extend from 500 to 1500 nm above the cell surface and into the PCL. Thus they participate in the regulation of several biologic functions8 and contribute to innate lung defenses (discussed later). Five human mucins are secreted and participate in the gel-forming extracellular mucus layer. These proteins polymerize via covalent disulfide linkages using cysteine-rich von Willebrand factor–like domains and other cysteine-rich regions. There are three others that are cysteine poor. MUC5AC and MUC5B are the predominant gel-forming mucins in the airway, with smaller contributions from MUC2, MUC8, and MUC19.8 MUC5B is a secretory product of the submucosal glands, and MUC5AC is a product of the surface goblet cells. In addition, MUC7 is a secreted, non–gel-forming mucin found in airway secretions, originating from serous cells of the submucosal glands. The gel-forming mucins are very large macromolecule proteins that are heavily glycosylated, exhibiting extremely high molecular weights (thousands of kDA). They are highly water-absorbent and form tangled networks of polymers.8,9 The branching oligosaccharide side chains contribute to the viscoelastic properties of normal mucus. Although cysteine accounts for less than 1% of the amino acid protein core, sulfhydryl bonds contribute to the polymerization of the glycoprotein and to the resulting viscous qualities of the mucus. Extensive cross- linking between long polymers can create disease states such as those seen in plastic bronchitis and fatal asthma. The diversity of the carbohydrate side chains of the mucin macromolecules creates, in effect, a library of carbohydrate sequences that can provide binding to an enormous repertoire of particles that land on the mucus layer.8,9


The properties of this mucin gel are the product of the mucin and water contents, concentrations of monovalent and divalent ions, and the pH of the ASL. The water content of ASL is controlled by regulating levels of ion transport in the PCL layer via the cystic fibrosis transmembrane regulator (CFTR), a calcium-activated (alternative) chloride channel, and the epithelial sodium channel (ENaC). These three ion channels control Na+ reabsorption and Cl− secretion by the respiratory epithelial cell, with passive movement of water across the epithelial membrane in response to ion transport. Dysregulation of both Na+ and Cl− contributes to the mucus and mucociliary transport abnormalities seen in cystic fibrosis.7,10 Finally, in inflammatory states, large macromolecules such as DNA and polymerized actin from white cells, protoglycans, biofilms, and other combinations of bacteria and inflammatory cells can be present in large amounts and significantly increase the viscosity of the mucus.8 In these inflammatory states, mucin proteins are relatively small contributors to the overall composition of the airway mucus.


Basal submucosal mucus secretion is regulated principally though the vagus nerve. However, in the inflammatory state several irritants and mediators contribute to mucin and mucus production. These include oxidants, proteases (including neutrophil elastase and P. aeruginoasa proteases), components of activated complement, and a number of cytokines and chemokines (TNF-α, Platelet Activating Factor [PAF], IL-1β, interferons, and IL-8).8,9 Tachykinin-mediated neural systems are present predominantly in the upper airways in humans, making it unlikely that these neural mechanisms regulate lung mucus production or transport. Autocrine/paracrine signaling occurs via 5′ nucleotides in the regulation of epithelial ion transport, ciliary beat frequency, and mucus secretion.9 These data suggest that nucleotide release, both in response to ambient conditions and cough-induced shear stress, help regulate mucus clearance rates.


Ciliary beat frequency and the effectiveness of the ciliary beat are primary determinants of the mucus clearance rate. Movement of the ASL on airway surfaces involves two steps: First, the ciliary power stroke acts to move the mucus layer unidirectionally on the airway surface; second, the frictional interaction of the mucus layer with the PCL allows this underlying layer to travel along with the overlying mucus. Cilia also impart a vertical motion within the mucus layer, mixing particles, bacteria, and other pathogens into the mucus and facilitating their clearance. Ciliary dysfunction can therefore greatly diminish mucus clearance. The lubricating function of the PCL facilitates mucus movement along airway surfaces in response to coughing. In addition, deficiency or absence of the PCL allows adhesive interactions between the mobile mucins (MUC5AC and MUC5B) and the airway epithelial cell surface mucins (MUC1 and MUC4), effectively “tethering” the ASL to the epithelial surface and greatly reducing the efficiency of ciliary activity and of cough in mucus clearance.10









Therapy for Mucus Clearance Disorders







Mechanical: Cough clearance is the secondary defense when mucociliary clearance is impaired; an effective cough is essential as part of mucus clearance. The effectiveness of the cough depends on volume and flow of exhaled air and the biophysical properties of the mucus. Cough clearance can be achieved by a manually assisted cough or a mechanical insufflation-exsufflation device.3 Mucus clearance or mobilization can be assisted in a number of ways such as traditional percussion and postural drainage, positive expiratory pressure devices, high-frequency chest wall oscillation, and intrapulmonary percussive ventilation.


Mucolytics: N-acetylcysteine cleaves disulfide bonds connecting mucin oligomers, reducing viscoelasticity. This may make excessively viscous mucus easier to clear by coughing, but it needs to retain enough viscoelasticity to respond to the shear forces applied by a cough. The severing of these bonds may also be disadvantageous, as they also neutralize pro-inflammatory mediators and inhibit biofilm formation.5 Chronic inflammation produces mucus with breakdown products of white blood cells present in high quantities, namely DNA and F-actin. Dornase alfa (Pulmozyme) hydrolyzes DNA polymers, producing sputum that is less viscous, and is effective in cystic fibrosis; however, it has not been effective in other chronic inflammatory disorders (e.g., COPD, non-CF bronchiectasis, and asthma). Thymosin β 4 depolymerizes the F-actin network and can act synergistically with dornase alfa. This activity is under investigation for clinical use.5


Expectorants: These agents improve clearance by improving mucus hydration. Consumption of large volumes of water is ineffective, as are most traditional expectorants (e.g., guaifenesin). Hyperosmolar agents (e.g., 7% saline aerosol or dry powder mannitol) are in use or under investigation. These agents appear to draw fluid into the airway, not just the gel layer. Thus, they “unstick” the mucus from the epithelium. They also induce cough and are mucin secretagogues. The latter may help, as normal mucus mixed with the abnormal mucus of cystic fibrosis may be cleared more easily.11


Mucokinetics: These agents improve mucociliary beat frequency or power, improving clearance. The β-agonist bronchodilators are an example of this class. Bronchodilators may increase the volume and rate of air flow in some individuals, improving cough effectiveness.


Abhesives: The opposite of adhesives, abhesives decrease the tenacity of airway mucus and secretions. The expectorants noted previously are possible abhesives. Aerosolized surfactants can improve cough clearance under certain circumstances, such as chronic bronchitis.12


Mucoregulatory agents: These agents decrease mucus hypersecretion in inflamed airways. The macrolides are the best known of this class, producing immunomodulation via extracellular-regulated kinase pathways.5 Anticholinergics reduce submucosal gland secretion by blocking signaling through muscarinic receptors. There is evidence that this action does not dry out tracheobronchial mucus, though anticholinergics do produce “dry mouth” if given systemically.13












Disorders of the Mucociliary System


Primary ciliary dyskinesia (PCD) is a genetic disease associated with defective ciliary structure and function, with resultant chronic oto-sino-pulmonary disease, male infertility, and (in about half of patients) situs inversus.14 Cilia are complex structures composed of a highly organized array of microtubules and accessory elements, including inner and outer dynein arms, radial spokes, and nexin links (see Chapter 71). Ciliated epithelial cells have approximately 200 cilia per cell, and they move with intracellular and intercellular synchrony, sweeping mucus from the distal to the proximal airway. The beat frequency is 8 to 20 Hz, but it can accelerate with various stimuli (e.g., smoke, irritants, and β-agonist bronchodilators). Disruption of this structural organization has been associated with ciliary immotility or dysmotility. Electron microscopic ultrastructural analysis remains the current “gold standard” diagnostic test for PCD.14 Videomicroscopy for ciliary beat frequency, beat pattern, and orientation are adjunctive tests. So far, mutations in eight genes have been associated with PCD in humans: DNAH5, DNAH11, DNAI1, DNAI2, and TXNDC3 mutations involve heavy, intermediate, and light chains of the outer dynein arm. KTU mutations alter a cytoplasmic protein needed for assembly of the dynein complex, and RSPH9 and RSPH4A mutations alter the radial spoke head. DNAI1 and DNAH5 make up 30% to 38% of all PCD, and 50% to 60% of PCD with outer dynein arm defects.8


Measurements of mucociliary clearance in patients with PCD have revealed no basal, cilia-dependent mucus clearance, although cough-dependent clearance is nearly normal. These patients maintain a nearly-normal mucus clearance rate by increasing the dependence on cough.7 As a result, these patients exhibit milder airway disease than seen in cystic fibrosis and typically live into middle age and beyond. However, bronchiectasis and obstructive airway disease may still occur in preschool children.15 Nitric oxide accelerates ciliary beat frequency in response to cyclic nucleotide challenge, though baseline ciliary beat frequency is not thought to be NO-regulated.8 This would be consistent with the presumed need for increased mucociliary clearance with inflammatory stimuli.


Cystic fibrosis (CF) results from mutations in the respiratory epithelial inducible chloride channel (CFTR).10 In people with cystic fibrosis, mucus transport appears to be significantly altered by depletion of an isotonic ASL as the result of mutations in CFTR. Under basal conditions, Na+ absorption by the normal respiratory epithelium regulates ASL volume. When ASL volume is depleted, airway epithelial cells slow Na+ absorption and increase Cl− secretion. By doing so, water stays in the ASL and volume increases. In CF, the airway epithelium has an accelerated basal rate of Na+ and volume absorption that results from the absence of tonic inhibitory effects of CFTR on the epithelial Na+ channel (ENaC). In addition, the CF epithelium lacks sufficient Cl− transport through CFTR. These defects in Na+ and Cl− transport result in volume depletion on the airway surfaces which, in turn, depletes the PCL, disrupts normal ciliary activity, and inhibits mucociliary clearance. Moreover, depletion of the PCL allows mucins in the mucus layer (MUC5AC and MUC5B) to contact mucins on the surface of the respiratory epithelium (MUC1 and MUC4), allowing molecular interactions that effectively “glue” the mucins together and further disrupt mucus clearance, and promote biofilm formation and infection. This dual effect of PCL depletion and mucin tethering may partially explain differences in severity of lung disease between patients with PCD and CF.7 Primary ciliary dyskinesia (Chapter 71) and CF pulmonary disease (Chapter 52) will be discussed in greater detail but are presented here as examples of lung disease resulting from disruption of normal mucociliary clearance in the lung.












Innate lung defenses


Innate immunity is an ancient evolutionary system that provides multicellular organisms with the capability of immediate defense against a wide variety of pathogens (i.e., bacteria, fungi, viruses) without previous exposure. This system has many capabilities: It recognizes structures present on a wide variety of pathogens that are distinct from self. It provides early activation of host defenses and effector mechanisms that can destroy the pathogen within hours. It stimulates the production of inflammatory cytokines and chemokines that recruit and activate other immune cells. And it orchestrates the development of adaptive immune responses. The rapid inflammatory responses that follow exposure to infectious agents can be reproduced in the absence of traditional adaptive immune responses. Activation of cytokine expression within the lung can initiate a cascade of events resulting in cellular sequestration, recruitment, and activation at the site of infection. Some of these innate protein receptors can function in cellular adhesion and in recognition proteins such as complement components. Several families of pattern recognition receptors (PRRs) have been described that have the ability to recognize conserved patterns of molecular structures on pathogens (Pathogen Associated Molecular Patterns [PAMPs]) and to activate and orchestrate a cascade of intracellular pro-inflammatory signals in the cell bearing those receptors (either extracellularly or intracellularly). Secreted proteins contribute to innate lung defenses, including lectin-like proteins (collectin family) and antibiotic proteins secreted by a number of cell types within the lung. There are resident innate defensive cells that function as “first responders” to infection, producing mediators that “call in the troops” from the circulation. Finally, there are “early responders” recruited from the circulation that fight infection in the absence of adaptive immune responses. Together, these defenses protect the lung during the early phases of microbial invasion, before adaptive responses can contribute to the host defense.






Complement


Several serum proteins reach the lung through transudation in response to inflammation, including the complement family and immunoglobulins. The complement system functions to coat foreign particles as opsonins for phagocytosis, to activate phagocytic cells by the local release of chemotactic agents (e.g., C5a), and to lyse cells through the activation of the late complement components C5, C6, C7, C8, and C9 (the membrane attack complex). Other important aspects of the complement pathway are the generation of anaphylatoxins (C3a and C5a) that cause the release of vasoactive mediators from mast cells, and the generation of C3b and C4 on cell surfaces where they interact with specific receptors on phagocytic cells.16 The complement protein cascade is activated by three independent pathways: the classic pathway that is activated by antigen-antibody complexes (involving IgG or IgM), the alternative pathway that is activated by foreign carbohydrates (e.g., bacterial and fungal components), and the lectin pathway (activated by mannose-binding lectin and the ficolins17).


Complement deficiency is associated with recurrent infections, glomerulonephritis, or collagen vascular diseases such as systemic lupus erythematosus. Pneumonia has been described in association with C1 deficiency, although bacterial meningitis is a more common manifestation. Pneumonia complicated by empyema, pneumatoceles, and liver abscesses has been described as a consequence of C1r deficiency. Autoimmune disorders are associated with both C2 and C4 deficiency, although bacterial infections also occur in children with C2 deficiency (the most common complement deficiency). C3 deficiency (clinically the most severe and least common of the complement deficiencies) is associated with both autoimmune disorders and recurrent infections. C3 acts as an opsonizing agent and plays a role in both the classical and alternative pathways. C3 deficiency results in otitis media, pneumonia, sepsis, meningitis, and osteomyelitis, most commonly caused by Streptococcus pneumoniae, Neisseria meningitidis, Klebsiella sp., Escherichia coli, and S. pyogenes. C5 deficiency produces a complex defect due to the loss of chemotactic and anaphylatoxin activities; it leads to decreased lung clearance of S. pneumoniae but not Staphylococcus aureus in C5- deficient mice. The deficiencies late in the complement cascade (C5 to C9) impair serum bacteriocidal and cytolytic activities, resulting in increased susceptibility to systemic infection with encapsulated organisms such as N. meningitidis and S. pneumoniae; however pulmonary infections are relatively uncommon. Defects of the alternative pathway of complement activity are very uncommon. Properdin factor deficiency is usually associated with N. meningitidis infection, but it is also associated with pneumonia. Deficiency of factor H or I (regulatory proteins of both pathways) leads to autoimmune disorders and recurrent infections with S. pneumoniae and Haemophilus influenzae. Mannose-binding lectin (MBL) and ficolins function in pulmonary immunity by preventing hematogenous dissemination of respiratory pathogens. However, defects in MBL are also associated with infection by a number of respiratory pathogens.18


Most defects of complement synthesis are inherited as autosomal recessive disorders with the exception of properdin deficiency, which is an X-linked condition. Symptoms do not usually occur unless the child is homozygous for the deficiency, except in C2 and C4 deficiencies, in which the heterozygote may be symptomatic. Mutations in the gene or the promoter regions can lower levels of protein, or alter protein assembly, thereby resulting in a relative immune deficiency state.









Adhesion Proteins


Adhesion and migration of circulating inflammatory cells (or their progenitors) are integral to cell recruitment and activation response to injury. Three major families of adhesion molecules participate in these processes in the lung: the immunoglobulin superfamily, the integrins, and the selectins (Table 7-1).


Table 7-1 Families of Adhesion Molecules in the Lung






	Immunoglobulin Superfamily

	Integrins

	Selectins






	Members share the immunoglobulin domain structure.

	Members consist of noncovalently-associated heterodimers of 2 chains: α and β

	Consist of an extracellular signal sequence, a lectin-like domain, an epidermal growth factor–like domain, a number of short consensus repeats, and a membrane anchor






	Only immunoglobulins and the T cell receptor undergo specific somatic diversification

	Responsible for interactions between cells and between cells and matrix proteins (fibronectin, collagen)

	Require Ca2+ for adhesion






	Peptides can be paired or unpaired

	Require divalent cations (Mg2+, Mn2+, Ca2+)

	Recognize and adhere to carbohydrate moieties like lectins






	Examples:

	Examples:

	Examples:






	Immunoglobulins
T cell receptor (CD3)
MHC class I
MHC Class II
Intercellular adhesion molecule-1
(ICAM-1) (CD54)
Intercellular adhesion molecule-2
(ICAM-2)
Vascular cell adhesion molecule-1
(VCAM-1)

	β2 integrins:
    LFA-1 (CD11a/CD18)
    Mac-1 (CD11a/CD18)
    p150, 95 (CD11c/CD18)
β1 integrins:
    VLA-4 (α4β1, CD49d/CD29)
    VLA-5 (fibronectin receptor,
CD49c/CD29)

	E-selectin (ELAM-1)
L-selectin (LECAM-1)
P-selectin (GMP-140)







The immunoglobulin superfamily is a group of polypeptide genes characterized by the presence of one or more regions homologous to the basic structural unit of the immunoglobulin gene. Immunoglobulins and the T cell receptors are the only members of this family that undergo somatic diversification for antigen recognition. These receptors can function as single peptide chains (e.g., intercellular adhesion molecule -1 [ICAM-1], CD4, LFA-3) or may need to be associated as polypeptides for activity (T cell receptors, immunoglobulins, MHC class I and II receptors, CD8). Several members of the immunoglobulin superfamily are involved in cell-cell adhesion, migration of leukocytes from the vascular space, through the matrix, and into the airway.19 Moreover, they are required for antigen presentation to T cells by dendritic cells and macrophages (see later in the chapter). These adhesive interactions can be simple, pairwise, or complex interactions involving multiple families of receptors as occurs in antigen presentation (the “immune synapse”).


The integrins are a family of diverse molecules with a common structure that are involved in cell-substrate or cell-cell interactions. Members of this family are composed of two noncovalently associated polypeptide chains (α and β). In humans, there are 18 α and 8 β subunits that form 24 different heterodimers.19 Subgroups of this family are defined by common, shared β chains. β1 integrins function primarily by interacting with matrix components (collagen, laminin, fibronectin).20 β2 integrins (heterodimers of CD11a and CD18) are expressed almost exclusively on leukocytes, and mediate cell-cell adhesion20 (see Table 7-1). LFA-1 is expressed by virtually all immune cells, with the exception of some tissue macrophages. Mac-1 and p150, 95 are found on macrophages, monocytes, granuloctyes, and some lymphocytes. Upon binding their extracellular ligands, integrins transmit signals from the outside that modulate and regulate various cellular functions. Lung epithelial cells express eight different integrin heterodimers (α2β1, α3β1, α6β4, α9β1, α5β1, αvβ5, αvβ6, αbβ8) that recognize extracellular matrix molecules. These integrins are critical for maintaining endothelial integrity, repair of damaged cells, and regulation of cell differentiation and proliferation.21 The central role of the β2 integrins in inflammation is demonstrated in patients with leukocyte adhesion deficiency (LAD), an inherited syndrome characterized by recurrent or progressive bacterial skin and soft-tissue infections, diminished pus formation, and impaired wound healing. Despite systemic granulocytosis, granulocytes (pus) are absent in areas of infection, due to defective migration from vascular to extravascular sites.


The selectin family of adhesion molecules mediates adhesion between leukocytes and vascular endothelium.19,22 Selectins are glycoproteins rich in glycosylation by O-linked and N-linked carbohydrates. Three structurally related molecules have been identified: E-selectin (ELAM-1), P-selectin, and L-selectin (LECAM-1). E-selectin is expressed on endothelial cells following stimulation by cytokines such as IL-1 or tumor necrosis factor, and supports neutrophil adhesion. L-selectin is expressed on all leukocytes and is shed by neutrophils following adhesion to endothelial cells. P-selectin mediates cellular adhesion of neutrophils and monocytes to activated platelets and endothelial cells. The N-terminal ends of these molecules are homologous and related to a number of calcium-dependent carbohydrate lectin molecules. The selectins also have similar lectin-binding ligands, which contain sialyl Lewis x (sLex) and sialyl Lewis a (sLea) antigens.


In addition to their role in orchestrating binding to cellular surfaces, adhesion proteins can function as pattern recognition binding receptors, working together with other cellular proteins to bind and internalize ligands.21 Several human pathogens utilize integrins to invade host cells (Yersinia enterocolitica and Y. pseudotuberculosis bind to the integrin receptors directly); however, the majority of integrin-binding microorganisms bind indirectly using extracellular matrix binding proteins as a bridge to engage these receptors. For instance, Staphylococcus aureus binds to fibronectin and integrins during infection.21 However, binding to the integrins can result in intracellular signaling that may be important in innate immune responses to the pathogen. The β2 integrins (particularly Mac-1) function as receptors for complement components that serve as PRRs for certain pathogens. Finally, the integrins may function in concert with the toll-like receptors (see later in the chapter) to initiate intracellular signaling pathways that result in activation of the transcription factor NFκB, cell-cell interaction, and cytokine production.









Pattern-Recognition Receptors in Lung Innate Immunity






Toll-Like Receptors


The toll-like receptors (TLRs) are an ancient family of receptor proteins that have been evolutionally conserved and expressed in plants, insects (drosophila), and animals (mouse, human). They have two functional regions. The extracellular domain (consisting of leucine-rich repeats and one or two cysteine-rich regions) recognizes an array of microbial components: sugars, proteins, lipids, DNA motifs, and double stranded RNA. The intracellular region contains a Toll/IL-1 receptor (TIR) domain. The TIR domain provides an intracellular scaffold that interacts with a number of “adapter” proteins to initiate and integrate well-defined signaling cascades, resulting in cellular activation and the production of several cytokines and chemokines.23 Ten TLRs have been described in humans, and they are expressed by cell types involved in the first-line, innate immune defenses such as macrophages, neutrophils, and airway epithelial cells (Table 7-2). In addition, TLRs are expressed on macrophages, dendritic cells, and B and T lymphocytes, contributing to the development of adaptive immune responses.




Table 7-2 Toll-Like Receptors and Their Ligands


[image: image]




Ligands have been identified for all but TLR10. The TLRs are located either at the cell surface (TLR1, TLR2, TLR4 to TLR6, TLR10) or in the lysosomal/endosomal membranes (TLR3, TLR7 to TLR9) (see Table 7-2). The individual TLR proteins have been found to associate as homodimers of identical protein chains and as heterodimers of different TLR proteins. The heterodimers exhibit different binding properties from those of parent chains, thereby extending the target repertoire of this relatively small family of proteins23 (see Table 7-2). TLR1 to TLR2 and TLR2 to TLR6 heterodimers recognize lipotechoic acid and lipoproteins from gram-positive bacteria, and TLR4 recognizes the lipopolysaccharide of Gram-negative bacteria. TLR5 recognizes flagellin. TLR3, TLR7, and TLR8 recognize viral RNAs and their synthetic analogs. TLR9 is stimulated by bacterial unmethylated CpG DNA. The TLRs utilize a variety of co-receptor molecules to further extend the versatility of the receptors. For example, TLR2 and TLR4 interact with MD-2 (soluble extracellular protein) and CD14 in binding with LPS. Several additional immune recognition receptors are thought to cooperate with TLR in response to products of pathogens. Dectin-1 (a lectin-like receptor) is a major phagocytic receptor that recognizes β1,3-glucans thought to interact with TLR2 in binding and inflammatory response by macrophages or dendritic cells to zymosan. NOD2 is a cytosolic protein that recognizes muramyl dipeptide (a repeating structure in bacterial peptidoglycans) and is thought to amplify TLR-mediated signaling following LPS exposure. BCR binding to DNA-antigen complexes amplifies signaling in B cells following TLR9-DNA interactions. DC-SIGN is a lectin receptor that has been implicated in downregulating the induction of IL-12 by TLR. TLR interactions with FCγ receptors have also been suggested. Engagement and subsequent activation by TLR results in the expression of a variety of cytokines depending on the cell type activated. TNF-α, pro-IL-1β, and IL-6 are important pro-inflammatory mediators produced in response to TLR activation. In addition, a number of chemokines are produced that recruit other cell types to the site of infection. Activation of TLR has been implicated in the upregulation of microbial killing mechanisms, including production of NO. Differential TLR expression and signaling in different dendritic cell populations drive T cell differentiation into a T-helper type 1 (Th1) or T-helper type 2 (Th2) phenotype. Thus, TLR-TLR and TLR-adapter protein interactions determine the specificity and activation properties of the interactions of the TLR with their ligands and modify both innate and adaptive immune responses.24









Nod-Like Receptors


The nod-like receptor (NLR) family is a large family of intracellular receptors consisting of 23 reported members. They are located in the cytosol and regulate both inflammation and apoptosis (programmed cell death). These proteins are expressed in many cell types, including immune cells and epithelial cells.24,25 Their general structure includes a central nucleotide-binding oligomerization (NOD) domain, and a C-terminal leucine-rich repeat (LRR) domain. The N-terminal effector region varies between the different proteins, resulting in activation of diverse downstream signaling pathways.25 NOD1 and NOD2 (the best studied cytosolic NLR) are expressed in leukocytes and lung epithelial cells. NOD1 detects bacterial wall peptidoglycan containing meso-diaminopimelic acid (found primarily in the peptidoglycan cell wall of Gram-negative bacteria), whereas NOD2 recognizes muramyl dipeptide conserved in both Gram-positive and Gram-negative bacteria. These activate intracellular signaling cascades by activation of Rip2 kinase, leading to activation of NFκB and subsequent expression of pro-inflammatory cytokines, and reactive oxygen species production.25 The NLRP (NLR family, pyrin domain containing) consists of 14 members characterized by a PYD domain. At least three members of this family (NLRP1-3) form multiprotein complexes called inflammasomes.26 Inflammasomes consist of one or two NLRs, an adapter molecule ASC, and caspase 1. The inflammasomes respond to various microbial molecules and regulate caspase-1–mediated cell death and production of mature IL-1β and related cytokines (including IL-18) at a posttranslational level. NLRP3 is expressed in granulocytes, macrophages, monocytes, and dendritic cells. The NLRP3 inflammasome activators include microbial RNA, certain forms of DNA, bacterial pore-forming toxins, and MDP-1. This inflammasome mediates caspase-1–dependent processing of pro-IL-1β as well as pro-IL-18 to their mature forms and regulates caspase-1–dependent cell death. The NLR member NLRX1 (NLR family member X1) is the only NLR molecule localized in the mitochondrial membrane where it mediates production of reactive oxygen species upon bacterial infection.


In summary, the NLRs function as intracellular pattern recognition proteins involved in the recognition of conserved microbial components in addition to nonmicrobial signals such as silica and uric acid crystals. NLR signaling results in activation of NFκB, resulting in the induction of pro-inflammatory cytokines, chemokines, and antimicrobial molecules.24









RIG-Like receptors


The RNA helicases RIG-1 (retinoic acid inducible gene-1) and MDA5 (melanoma differentiation-associated gene 5) belong to the RIG-1–like receptor family of RIG-like receptors (RLRs).25 Both helicases signal through the downstream adaptor MAVS (mitochondrial antiviral signaling), which mediates the IRF3/7-dependent production of antiviral type 1 interferons as well as the activation of NFκB-dependent induction of inflammatory cytokines.25









Cytosolic DNA Sensors


These molecules sense bacterial DNA within the host cytosol and are responsible for the production of Type I interferon responses.









Soluble Extracellular Pattern-Recognition Proteins


The soluble extracellular pattern-recognition proteins function like “innate antibodies.”27 Two families of proteins have been described: the collectins (collagenous lectins, including MBL, surfactant proteins SP-A and SP-D, and conglutinin) and the ficolins. These proteins recognize carbohydrate arrays on their targets via carbohydrate recognition domains (CRDs). Several members of the collectins and ficolins activate complement.27









Collectins


The collectins are members of a superfamily of collagenous, calcium-dependent (C-type) lectins. The family includes MBL, also known as mannose-binding protein, and surfactant-associated proteins A and D (SP-A and SP-D, respectively). As part of the innate immune system, the collectins have a key role as a first line of defense against invading microorganisms. Both SP-A and SP-D are secreted into the air spaces by alveolar type II cells and probably nonciliated bronchiolar cells. In the collectin monomeric subunit, there are four functional domains: the N-terminal cysteine-rich domain, a collagen domain, a coiled-coil neck domain, and a C-terminal C-type lectin domain (also known as a carbohydrate recognition domain, or CRD). Selective binding of collectins to specific complex carbohydrates is mediated by the CRD and requires calcium. Human SP-A is assembled as heterotrimers or homotrimers of two genetically different chain types, whereas SP-D is assembled as homotrimers. SP-A preferentially forms hexamers of trimeric units (6 × 3 = 18 chains), whereas SP-D forms tetramers (4 × 3 = 12 chains).28 This amino-terminal association and cross-linking of the trimeric subunits permits bridging between spatially separated ligands via the C-terminal lectin domains, increasing binding affinity and specificity. SP-A and SP-D bind to a variety of polysaccharide, phospholipid, and glycolipid ligands. The three-dimensional trimeric and oligomeric structures give SP-A and SP-D additional orders of specificity for particulate antigens and invading pathogens. Multiple carbohydrate recognition domains in the collectin oligomer can simultaneously bind to different ligands on a single polysaccharide chain, increasing the binding avidity of the complex to greater levels than could be attained by binding to single ligands. SP-A and SP-D interact with a variety of Gram-negative and Gram-positive organisms, fungi, and several respiratory viruses including RSV, Influenza A virus, and CMV. SP-A and SP-D interact with the glycoconjugate and/or lipid moieties present on invading pathogens and receptors on host cells. Through these interactions, they provide a number of host defense functions.29 They can agglutinate microorganisms by forming bridges between various carbohydrate ligands on the cell surface. MBL can lead to activation of the complement cascade, whereas SP-A can bind C1q, preventing the formation of active complement complex. Lung collectins can lead to opsonization through activation of complement and deposition of C3 (MBL), or can directly opsonize microorganisms (SP-A and SP-D). SP-A-mediated opsonization can lead to stimulation of phagocytosis and killing of pathogens. However, some organisms can increase their efficiency of infection by using SP-A as a Trojan horse to gain entry into cells. SP-A and SP-D can alter viral infectivity, presumably by blocking binding of virus to their surface receptors or by enhancing cellular uptake and killing. Finally, SP-A and SP-D can alter the permeability of bacterial and fungal cell membranes, resulting in enhanced cell killing.


A number of cell surface receptors have been described for SP-A and SP-D.30 SP-210 (surfactant protein receptor 210 kDa) is the best characterized SP-A receptor. It is found on type II cells and alveolar macrophages. C1q receptors bind MBL and SP-A, although their presence/function in the lung is unclear. SP-A has been found to interact with CD14 and TLR4, implicating a role of SP-A in LPS-mediated cell responses. In addition, the SP-A-TLR4 interactions may be important in the uptake of RSV-F protein in the lung. Gp340 is an SP-D binding protein belonging to the family of scavenger receptors that may also bind SP-A. SP-D has also been shown to interact with CD14 and function in the modulation of LPS-elicited cytokine release.


MBL is a serum protein, although small amounts of this protein have been found in lung secretions.18 It has been shown to bind to several important respiratory pathogens, promoting C4 deposition.









Ficolins


The ficolins are lectin recognition molecules that are structurally and functionally homologous to MBL.18 Three ficolins have been described. Ficolin-1 (M-ficolin) is expressed in the lung, monocytes, and spleen. Ficolin-2 (L-ficolin) is a serum protein expressed in the liver. Ficolin 3 (H-ficolin) is expressed in liver but also by bronchial and type II alveolar epithelial cells. They share the collagenous structure of MBL, but the carbohydrate recognition domain of MBL is replaced by a fibrinogen-like domain. They assemble in large multimeric structures of several hundred kilodaltons and recognize molecular patterns such as acetylated compounds and sugars.31 Like MBL, they activate complement through the lectin pathway.









Antimicrobial Peptides


Recent studies have confirmed Alexander Flemming’s observations made almost 80 years ago that human airway secretions possess intrinsic microbiocidal and microbiostatic properties. These activities lay in several cationic polypeptide constituents: lysozyme, lactoferrin, secretory leukoprotease inhibitor (SLPI), and neutrophil and epithelial defensins. These antimicrobial proteins and peptides differ in their molecular specificity and mechanisms of action, acting as hydrolyzing enzymes, creating pores in the bacterial wall, or chelating iron. They would therefore be expected to act cooperatively and possibly synergistically against a broad spectrum of organisms, making it unlikely that these organisms would develop resistance to the group as a whole.


Lysozyme is the one of the most abundant antimicrobial proteins in the airways, with concentrations estimated at 0.1 to 1 mg/mL—levels sufficient to kill important pulmonary pathogens such as S. aureus and P. aeruginosa. Lysozyme damages the walls of bacteria and fungi by hydrolyzing β1-4 glycosidic bonds between N-acetylmuramic acid and N-acetylglucosamine, which are structural components of bacterial peptidoglycan and fungal chitin.32 In humans, lysozyme is secreted predominantly by the serous cells of submucosal glands in the conducting airways, and, to a lesser extent, by airway epithelial cells and alveolar macrophages. It is also a component of both phagocytic and secretory granules of neutrophils. Its role in defending the human lungs from infection is still unclear, but recent studies in rodents suggest that it is an important component of the respiratory defenses.32


Lactoferrin is an iron-binding protein present in secretions such as tears, saliva, and bronchial secretions. It is present in ASL at concentrations similar to lysozyme (0.1 to 1 mg/mL). It is produced by the submucosal glands and neutrophils, and it has activity against both Gram-positive and Gram-negative bacteria, and Candida species. The antimicrobial actions of lactoferrin result from chelation of iron, which is required by many bacteria for optimal growth, or by destabilization of bacterial membranes.33 Some of the antimicrobial activities of lactoferrin are related to its ability to bind lipopolysaccharides (LPS) with high affinity. Indeed, recent in vitro studies indicate that lactoferrin is able to compete with the LPS-binding protein for LPS binding and prevent the transfer of LPS to CD14 present at the surface of monocytes.33









Antiproteases


There are two major protease inhibitors secreted at mucosal surfaces: secretory leukocyte protease inhibitor (SLPI) and elafin.34 SLPI is an 11.9 kDA protein about 10-fold less abundant than lysozyme and lactoferrin in ASL. The N-terminal domain has modest activity against both Gram-positive and Gram-negative organisms. The C-terminal domain is an effective inhibitor of neutrophil elastase, cathepsin G, trypsin, chymotrypsin, tryptase, and chymase.34 Elafin/Trappin-2 is a 9.9 kDA protein that has a narrower spectrum of inhibition, only inhibiting neutrophil elastase and proteinase 3. In addition to their anti-protease activity, the protease inhibitors have several other biologic activities in the lung, including anti-inflammatory effects on NFκB activity and antimicrobial activity against a number of organisms, including Staphylococcus aureus and Pseudomonas aeruginosa. In addition, SLPI may play a role in adaptive immunity through maintenance of mucosal tolerance.









Antimicrobial Peptides: Defensins and Cathelicidins


Human defensins are present in BAL fluid from noninflamed lungs at a concentration of about100 ng/mL,35 but these concentrations are increased in inflamed airways. Expression of defensins (peptides 3 to 5 kDa in size) is modulated locally by inflammation. Although 20 potentially expressed genes have been identified by the Human Genome Project, relatively few proteins have been isolated and characterized. Four human neutrophil peptides (HNP-1, HNP-2, HNP-3, and HNP-4) are located in neutrophil azurophilic granules (HNP-4 is less abundant than the other three).35 Two other defensins (HD-5 and HD-6) are located in gastrointestinal epithelial cells. Four beta-defensin molecules have been described (hBD-1, hBD-2, hBD-3, and hBD-4), differing from the neutrophil defensins in the organization of their cysteines. Whereas hBD1 is expressed constitutively by epithelial cells, hBD2 to hBD4 are inducible. Whereas hBD-2 is highly expressed in the lung, hBD-3 is expressed in skin and tonsil and hBD-4 is expressed most highly in testis and stomach. In addition to their antimicrobial effects, defensins recruit inflammatory cells and promote innate and adaptive immune responses.35


Cathelicidins are members of a family of peptides with a conserved N-terminal region of 100 amino acid residues and a heterogeneous C-terminal region (10 to 40 amino acid residues). The human peptide (LL-37) displays LPS-binding activity and broad-spectrum microbiocidal activity. It is produced by neutrophils and respiratory epithelial cells and appears to have a similar role in lung immunity as the defensins.35












Cellular Defenses: At the Crossroads of Innate and Adaptive Immunity






Inflammatory Cells in the Lung


Our knowledge of the cellular constituents in the lung, their activation state, and their function have been considerably augmented in the last 20 years by the ability to safely perform flexible fiberoptic bronchoscopy and biopsy in both control subjects and clinical patients. Using bronchoalveolar lavage (BAL), the normal cellular constituents of the alveolar space have been determined in a number of studies in both adults and children. Macrophages are the major cellular component of BAL fluid, making up 81% to 95% of the cells obtained; the remainder are lymphocytes, neutrophils, and eosinophils, whose total cell numbers and percent composition vary greatly with disease state. Data obtained from BAL and biopsy studies provide direct evidence of the role of inflammatory cells, adhesion molecules, and cellular mediators in humans, and they confirm cell culture and animal studies.









The Respiratory Epithelium


The airway epithelium is more than a passive barrier to airway water loss or a passive fortification against bacterial and viral infection. Published data support the concepts of active participation of the airway epithelium in regulation of airway smooth muscle tone, the physical removal of inhaled substances through ciliary clearance, and secretion or transport of broad-spectrum antimicrobial substances. The respiratory epithelium is a functional interface between the pathogen and the innate or adaptive immune responses. These features make the airway epithelium a pivotal structure in respiratory physiology and pathology.


The respiratory epithelium participates in passive lung immunity in many different ways. The epithelium presents a physical barrier to viral and bacterial invasion, lining the respiratory tract from the nose to the alveoli with a wide range of cell types.36 Ciliated epithelial cells are important in propelling mucus up the airway, thereby removing particulate material; injury to ciliated cells by agents such as oxidants can alter the ability to remove mucus from the airway. Tracheobronchial glands and goblet cells are important sources of airway mucus, which serves to nonspecifically trap particulates. The respiratory epithelium also functions in the regulation of water and ion movement into the airway mucus.7 The respiratory epithelium acts as its own reservoir for injury repair, presumably using the basal cell layers as progenitor cells.36 Finally, the respiratory epithelium serves to regulate airway smooth muscle tone through a number of mechanisms, thereby restricting ventilation to injured areas. These properties allow the respiratory epithelium to nonspecifically protect the lung from inhaled toxins or microorganisms.


Additionally, the respiratory epithelium performs more specific interactions with the innate and adaptive immune systems. Alveolar type II cells manufacture surfactant proteins A and D.29,37 The respiratory epithelium can also be induced to produce a number of bioactive cytokines, including, IL-1, IL-6, IL-8, GM-CSF, and RANTES.38 The respiratory epithelium can upregulate expression of a number of adhesion molecules that support interactions between the epithelial cell and inflammatory cells recruited to the lung, including neutrophils, eosinophils, and lymphocytes.19,21 Epithelial cells metabolize arachidonic acid and produce a number of bioactive eicosanoids, either directly or through transcellular metabolism with airway inflammatory cells. Bacterial or viral binding to TLRs on the epithelial surface, or intracellular PRR such as the NOD receptors, can result in activation of NFκB or other transcription factors and signal cytokine production and expression of new cellular receptors on the epithelial surface, facilitating interaction with inflammatory cells with protective, or potentially injurious, consequences. The inflammation resulting from airway injury is thought to be responsible for the airway hyperresponsiveness and obstruction that accompanies a number of diseases, such as asthma.









Resident Cell Defenses: At the Interface of Innate and Adaptive Immunity


Three major groups of inflammatory cells reside primarily within the lung parenchyma itself: dendritic cells, macrophages, and mast cells. These cells are recruited from the circulation and expand locally from their bone marrow–derived precursors. The cells (particularly the macrophages and dendritic cells) are capable of migration; however, they reside primarily within the lung itself. Other inflammatory cells are recruited from the circulation in their mature form (i.e., neutrophils, eosinophils, and lymphocytes) and, once activated, are capable of their mature functions.






Dendritic Cells


Dendritic cells (DC) are the primary resident antigen presenting cell population in the lung and airway.39 Activation of dendritic cells in response to innate stimuli is essential to initiate the adaptive response to lung-acquired antigens. In these processes, the phenotype and function of dendritic cells play an important role in initiating tolerance, memory, and polarized Th1 and Th2 differentiation. Antigen presentation to T cells is actively and tightly regulated in vivo by soluble factors produced by mature tissue macrophages. Therefore, the phenotype of the dendritic cells, the responses to innate stimuli and cytokines produced by macrophages, and the lung microenvironment play important roles in determining the subsequent host adaptive response to antigen.39


In humans, at least five different subsets of DC have been described. These subsets appear to have different functions within the lung. The majority of these DCs are derived from circulating blood monocytes, differentiating in the lung to produce the DC subsets. DCs have a rapid half-life in the conducting airways (about 2 days), whereas more distal lung DCs have a slower turnover rate. There are CD11b+ and CD11b– subsets, both of which express large amounts of CD11c on their surface. The biology and functions of these subsets of cells are complex. Resident, plasmacytoid, and alveolar DCs are found at the interface with the external environment (mucosal surfaces, skin). In these tissues, they have the ability to migrate to inflammatory foci, where they can take up antigen, process the antigen, and then emigrate through the lymphatics to the draining lymph nodes and associate with T cell–rich areas and initiate adaptive immune responses. This migration is accompanied by alterations in the repertoire of adhesion proteins and chemokine receptors on the DC surface.


As the initiator of T cell responses, DCs recognize and respond to danger signals, mature (alter their function), and initiate the adaptive immune response. DC receptors sample the environment and the “danger signals,” resulting in activation of the DC to migrate and mature, process antigen for expression, and release cytokines to further modulate the immune response. TLR 1 to TLR 5 are expressed on DC and are downregulated during maturation. In addition, NOD receptors respond to injury/pathogen-related signals. These innate signals cause the maturation and activation of dendritic cells that result in the adaptive T cell and B cell responses.









Macrophages


Extensive literature supports the role of the macrophage as the central regulator of airway inflammation. Alveolar macrophages have four important attributes that contribute to their function: mobility, phagocytosis, receptor expression for signal recognition, and production and release of a number of bioactive mediators.40 In the lung, they perform a variety of biologically significant functions: scavenging particulates, removing macromolecules, killing microorganisms, acting as accessory and regulatory cells for a number of immune functions, recruiting and activating other inflammatory cells, maintaining and repairing injured lung tissues, removing apoptotic cells, and modulating normal lung physiology. Many of these functions are “turned off” in the resting state but are upregulated with macrophage activation. The regulation of macrophage activation and turnover is undoubtedly important in pulmonary health or disease, because the activated functions of this cell can not only help to kill invading organisms and to recruit other inflammatory cells, but they can also contribute to pulmonary inflammation or fibrosis. Macrophages can cooperate with other cell types (dendritic cells and lymphocytes) by means of cell-cell interactions and cytokine signals to orchestrate development of cell-mediated immunity consisting of delayed-type hypersensitivity and cytotoxic T cells, and humoral immunity. Macrophages are present in the interstitium and at epithelial surfaces in the lung. They are far more abundant in the distal respiratory tract, particularly the alveolus, than in the tracheobronchial tree.


The macrophage population is usually constant in size, but this is the result of a dynamic steady state of cellular recruitment, cell division, and cell turnover. The turnover time for alveolar macrophages has been calculated to be 21 to 28 days in animal models. At the end of this period, cells exit from the lungs up the mucociliary escalator, although the mechanisms for this efflux are still unknown. Speculation also exists that a subpopulation of alveolar macrophages may cross the alveolar epithelium to return to the interstitium, or to migrate to regional lymph nodes. During acute inflammation, it is clear that monocyte influx is the major contributor to the expansion of the macrophage population, although local proliferation of resident macrophages contributes to a lesser degree. Following this acute inflammatory response, the number of alveolar macrophages returns to normal resting levels.


Ultrastructural analysis indicates that macrophages are metabolically active cells. They have well-developed vacuolar apparatus and a large number of mitochondria. The prominent cytoplasmic organelles in the alveolar macrophage are the secondary lysosomes and the Golgi apparatus. The alveolar macrophage is exposed to an aerobic environment, with a PO2 of approximately 100 Torr, unlike the peritoneal macrophage that functions with a PO2 of 5 Torr. Alveolar macrophages produce a number of oxygen metabolites, including [image: image] (superoxide anion), H2O2 (hydrogen peroxide), and OH− (hydroxyl radical). These reactive oxygen intermediates play an important role in host antimicrobial defense: defects in ability to generate these oxygen products leads to high susceptibility to infections, as in chronic granulomatous disease (CGD). Uncontrolled production of these reactive oxygen intermediates may play a role in lung injury.


In order for macrophages to ingest microorganisms, receptor-mediated uptake is necessary. Three groups of receptors play important roles in opsonization: Fc (immunoglobulin) receptors, complement receptors, and the PRRs including the TLRs (Table 7-3). Three receptors for the Fc portion of immunoglobulin G (IgG) have been described on alveolar macrophages: FcγRI (a high-affinity Fc receptor for monomeric IgG), FcγRII (a low-affinity receptor for IgG and aggregated IgG), and FcγRIII (a low-affinity receptor for aggregated IgG). On human alveolar macrophages, FcγR for IgG subclasses IgG1 and IgG3 are present in greater numbers than receptors for IgG2 and IgG4. In addition, Fc receptors for IgE (FcεRII) and IgA have been described. The macrophage has access to any molecules recognized by these immunoglobulins through their Fc receptors. In addition, alveolar macrophages have membrane-bound, cytophilic IgG and IgA, which play a role in nonopsonic phagocytosis. Three complement receptors have been described on alveolar macrophages. The most important is CR1 (CD35), which mediates high-affinity binding to C3b and low-affinity binding to iC3b and C4b. CR3 (Mac-1) is the CD11b/CD18 member of the β2 integrin family, which binds iC3b with high affinity and C3dg and C3d with low affinity. CR4 (CD11c/CD18) binds iC3b. Surfactant protein A is thought to bind to macrophage complement receptors, thereby nonspecifically opsonizing microorganisms.


Table 7-3 Macrophage Receptors Involved in Clearance of Lung Pathogens.






	“Classic” Macrophage Opsonic Receptors

	Pattern Recognition Receptors (PRR)






	Ig Receptors

	Receptor

	Ligand






	Fcγ Receptors
    Fcγ RI
    Fcγ RII
Fcγ RIII
FC RII
FCα

	CD36
CD14
Mannose receptor
Sialadhesin
Integrins
PS receptor

	Apoptotic cells
LBP/LPS
Carbohydrates
Sialic acid
Glucans, RGD
Apoptotic cells






	Complement Receptors

	Toll-like Receptors (TLR)






	CR1 (CD35)
CR3 (mac-1; CD11b/CD18)
CR4 (CD11c/CD/18)

	TLR 2
TLR 4
TLR 9

	pg, LTA, LPS
SP-A
CpG






	 

	Scavenger Receptors (SR)






	 

	Receptor

	Ligand






	 

	SR-AI, SR-AII
MARCO
LOX-1
SR-PSOX

	LPS, LTA, CpG
Polyanion
Phosphatidyl serine







CpG, Bacterial DNA containing unmethylated CpG; Ig, immunoglobulin; LPS, lipopolysaccharide; LTA, lipoteichoic acid; pg, peptidoglycan; SP-A, surfactant protein A.


In addition to the reactive oxygen intermediates discussed earlier in the chapter, macrophages produce many intracellular and secreted products that are responsible for a number of their bactericidal and cell-activating activities (Table 7-4). Human alveolar macrophages have been shown to produce metabolites of arachidonic acid by both the cyclooxygenase and lipoxygenase pathways, and mediators from both pathways play a role in the modulation of inflammatory reactions. Alveolar macrophages produce a large diverse array of enzymes that can be divided into three major groups: acid hydrolases, neutral hydrolases, and lysozymes (see Table 7-4). Acid hydrolases function primarily as intracellular digestive enzymes, but they can be secreted into the extracellular environment, where they display a number of actions (e.g., microbial killing, degradation of connective tissue, activation of complement components, and lysis of fibrin). Lysozyme is a major secretory product of macrophages, and it is bactericidal for many microorganisms (see earlier in the chapter). Finally, a number of cytokines and chemotactic factors are produced by alveolar macrophages (see Table 7-4). The pro-inflammatory cytokine IL-1 is one of the most important regulatory products of the macrophage. TGF-β also has many biologic functions, including chemoattraction for fibroblasts, and effects on the composition of the extracellular matrix. Through the generation of cytokines, the macrophage plays a central role in phagocyte recruitment and activation, wound healing, fibrosis, and modulation of actions of other innate and adaptive immune responses in the lung.




Table 7-4 Bioactive Products of Lung Immune Cells


[image: image]




Macrophage products protect the lung from invading pathogens, yet overproduction of these products can lead to lung injury. Lung homeostasis depends on the regulation of these functions/products. In the quiescent state, the alveolar macrophage interacts with alveolar epithelial cells through the integrin αvβ6 on the epithelial surface, leading to localized activation of Transforming Growth Factor-β (TGF-β), which suppresses phagocytosis and cytokine production by the macrophage. TLR stimulation of macrophages leads to rapid loss of contact with the AEC, loss of αvβ6 expression on the epithelial cells, and a decrease in TGF-β activation, thus allowing activation of the macrophages. As the infectious threat is removed, activated lymphocytes that have migrated to the lung will release interferon-γ, which stimulates production of matrix metalloproteinase 9 by macrophages, thus activating latent TGF-β and allowing macrophages to again adhere to the alveolar epithelial cell and turn off the inflammatory process.40


Macrophage function in the innate and adaptive response requires activation, and the type of response depends on the cytokines that stimulate the macrophage. The “classical” pathway for activation is driven by interferon-γ and enhances macrophage-dependent phagocytosis and microbial killing and MHC-dependent antigen presentation. Macrophages activated along this pathway are designated M1 macrophages based on their association with T helper type I (Th1) cell immune responses. This response is marked by production of IL-1β, IL-6, IL-12, TNF-α, and iNOS. The “alternative” pathway is triggered by macrophage exposure to IL-4 or IL-13, resulting in M2 macrophages. These macrophages express a distinct set of receptors and are associated with a Th2 lymphocyte response, which is implicated in the pathogenesis of allergy and asthma.41









Mast Cells


Mast cells have long been recognized as the major effector cells of allergic reactions, by virtue of their expression of high-affinity Fc receptors for immunoglobulin E (IgE) (FcεRI) and the vast array of mediators they produce. Mast cells are distributed in normal tissues throughout the body in close proximity to blood vessels and do not circulate in the blood. It has been postulated that they play a role in host defense against parasites, in wound healing, in immunoregulation, and in tumor angiogenesis. Although small in number, mast cells play an important role in health and disease.42,43


Human mast cells have been demonstrated to originate in the bone marrow from CD34+ c-Kit+CD13+ progenitor cells. Acquisition of IgE receptors appears to occur early in mast cell development. Once recruited from the circulation, mast cells acquire their mature phenotype in the tissue microenvironment. In interstitial spaces, a number of other cytokines influence the production of a number of serine proteases, which differ between mast cell phenotypes (mucosal versus serosal).42,43


Mast cells express a number of surface receptors that activate their biologic activities. IgE is the principal antibody responsible for type I type allergic responses in humans. The major receptor for IgE, the FcεRI (receptor for the Fc portion of IgE I), is present in large numbers on mature mast cells. Cross-linking of FcεRI results in mast cell triggering. The major biologic effect of FcεRI aggregation is the release of allergic mediators. In addition, FcεRI activation results in the production of a number of pro-inflammatory cytokines, including IL-4, IL-5, IL-6, IL-3, interferon γ, and TNF-α.42 In addition to the FcεRI, mast cells express a number of TLRs, including TLR-1, TLR-2, TLR-4, and TLR-6. Expression of the TLR allows mast cells to recognize multiple potential pathogens and generate specific responses, including immediate inflammatory responses to limit infection, and regulation of adaptive immunity.43


Mast cell granules contain a large number of pre-formed mediators (see Table 7-4), which are released within minutes after cell activation. In addition, mast cells secrete several lipid mediators produced via both the cyclooxygenase (PGD2) and lipoxygenase (LTC4 and LTB4) pathways of arachidonic acid metabolism. Mast cell proteases stimulate tissue remodeling, neuropeptide inactivation, and enhanced mucus secretion. Histamine stimulates smooth muscle cell contraction, vasodilatation, increased venular permeability, and mucus secretion. Histamine induces IL-16 production by CD8+ cells and airway epithelial cells. LTC4, LTB4, and PGD2 affect venular permeability and can regulate the activation of immune cells. Finally, mast cells produce a diverse array of cytokines both constitutively (GM-CSF, TNF-α, and IL-6) and following mast cell activation (IL-1, IL-2, IL-3, IL-4, IL-5, IL-10, IL-13, IL-14, IL-16, and interferon γ).43 IL-13 is critical to the development of allergic asthma.


It had been argued that mast cells represent a host system that evolved primarily to fight parasites. However, current research suggests that mast cells are more central to both innate and adaptive responses in the lung. Mast cells can phagocytose particles, present antigens, produce cytokines, and release vasoactive substances.42,43 In addition, mast cells exhibit a wide array of adhesion and other receptors that enable them to react to both nonspecific and specific stimuli. Finally, the antigen-specific responses via IgE make mast cells part of the adaptive immune responses within the lung. Studies using mast cell knock-in and specific protease-deficient mice have demonstrated that mast cells can enhance host resistance and survival following bacterial infections. Mast cells can also perform functions such as antigen presentation and interactions with other immune cells via co-stimulatory molecules or secreted products that can enhance or suppress the development of innate or adaptive immune functions. They can limit infection, yet they may exacerbate Th2 or autoimmune disorders. They can help limit or turn off inflammation, but can exacerbate the responses to other stimulatory organisms or their products. They are therefore important as first regulators of homeostasis during innate or adaptive responses in the lung.42












Recruited Cellular Defenses


All pulmonary inflammatory cells are initially derived from bone marrow precursors recruited from the circulation. The cells discussed so far migrate to the lung in an “immature” form, and they mature or differentiate within the lung in response to local cytokines or through activation by pathogens. The cells discussed in the following section are recruited from the pulmonary circulation in their mature, active forms. In the process of recruitment, these cells move from a “quiescent” resting state to a state in which they are fully “activated” or “primed” for further cellular activities.






Neutrophils


Neutrophils are characterized by their multilobed nucleus and distinctive cytoplasmic granules that contain an arsenal of enzymes and proteins that contribute to neutrophil function. Neutrophils constitute about half the circulating white cell population, and their primary function is phagocytosis and killing of invading pathogens. In order for the neutrophil to accomplish this, it must respond to signals in the area of injury, adhere and transmigrate through the vascular endothelium, migrate to the area of infection, recognize the pathogen, phagocytose, and kill it. Interruption of any of these steps will leave the host susceptible to infections. Patients with leukocyte adhesion deficiency (LAD) are unable to recruit neutrophils into sites of inflammation, and, as a result, they sustain recurrent, life-threatening infections due to deficiency of the β2 integrins. In chronic granulomatous disease (CGD), the neutrophils lack components of the NADPH oxidase system, and affected neutrophils that have engulfed organisms cannot efficiently kill them. The processes of neutrophil recruitment and activation, followed by neutrophil removal (cell death, or apoptosis) after the resolution of the infectious process or injury, are closely regulated at several levels. Disruption of these regulatory processes can lead to acute or ongoing lung injury.


Neutrophils are short-lived cells; their life span from stem cell differentiation to removal in the tissues is 12 to 14 days. CD34+ myeloid progenitor cells in the bone marrow produce myeloblasts, which then differentiate through several recognizable morphologic stages into mature, nondividing polymorphonuclear neutrophils. It normally takes about 14 days for the neutrophil precursor to mature and be released into the blood.44 Once in the circulation, neutrophil half-life is quite short (approximately 6 to 7 hours). The pulmonary capillary bed is unique in its ability to “concentrate” neutrophils. The term margination has been proposed to describe this increased concentration of neutrophils in noninflamed lungs. Margination is proposed to result from a discordance between the diameter of neutrophils (6 to 8 μm) and the capillary segments (2 to 15 μm). Morphometric and videomicroscopic studies have suggested that the neutrophil must change shape within 40% to 60% of these capillary segments to traverse the pulmonary circulation, increasing the pulmonary capillary transit time. This prolonged transit time is postulated to allow neutrophils time to sense and respond to the presence of inflammatory processes.44


In response to inflammatory stimuli, neutrophils further accumulate in preparation for migration (sequestration). In much of the systemic circulation, neutrophil sequestration occurs in postcapillary venules in the form of rolling, and is mediated by selectins. In the lungs, the known adhesion molecules do not appear to mediate the initial events of sequestration. Rather, in the pulmonary capillary, inflammatory mediators alter the mechanical properties of the neutrophils, resulting in changes in deformability thought to be induced by polymerization of actin beneath the plasma membrane. This “stiffening” reduces the neutrophil deformability, lengthening the capillary transit times or stopping the movement of the neutrophil altogether in the sites of inflammation.44 Once sequestration has occurred, the neutrophils can adhere via selectin or CD11/CD18-ICAM-1 mechanisms used elsewhere in the circulation and migrate across the vascular endothelium into the lung.44 In the process of migration into the lung, the neutrophils acquire an activated phenotype, resulting in a change in surface receptors compared to blood neutrophils.45


Once the neutrophil has migrated into the tissue, its primary purpose is to recognize, ingest, and destroy pathogens. Phagocytosis consists of two steps: (1) recognition and (2) internalization of the foreign material into the phagosome. Killing or neutralization then involves a secretory response. Materials may bind directly to the neutrophil, resulting in ingestion. However, as with macrophages, opsonization by serum proteins also occurs. Neutrophils exhibit both specific Fc-mediated binding and nonspecific binding using complement receptors CR1 and CR3, as used by macrophages. Intracellular killing is generally associated with the initiation of the respiratory burst. In addition, alternative mechanisms of killing exist, including secretion of granular proteins into the phagosome (see Table 7-4).


Secretion of granule contents from the neutrophil into its local environment is usually referred to as degranulation. In addition, the cell actively releases a number of other materials to the outside, including lipid mediators of inflammation (PAF, LTB4). The signals initiating neutrophil degranulation and secretion are still unclear.46 During inflammatory reactions, the earliest responses involve neutrophil emigration, with subsequent degranulation and secretion of granule contents. Degranulation involves the fusion of the granule membrane with either the developing or formed phagosome.









Eosinophils


Eosinophils are the second largest group of granulocytic cells in the circulation. They can be morphologically distinguished from neutrophils by their ability to be stained by negatively charged dyes, such as eosin. They are 8 μm in diameter and typically have two nuclear lobes. Their biologic function was unclear for most of the 20th century, but in the late 1960s and early 1970s the possibility was raised that eosinophils might be involved in immunity to parasites. This received experimental support in the mid 1970s in a report on eosinophil-dependent killing of schistosomula of Schistosoma mansoni. Current research has focused on the role of the eosinophil in pulmonary inflammation associated with asthma. Eosinophils and eosinophil products are present in the blood, sputum, and autopsy samples from patients with asthma, and there is a correlation between the presence of eosinophils and asthma severity. Eosinophils and their products are characteristic features of airway mucosa and bronchoalveolar lavage specimens following allergic antigen challenge in humans and animals. These lines of evidence indicate that eosinophilic infiltration in asthma may play a major role in the pathogenesis of the disease, and that prevention of eosinophil influx or release of eosinophil products may be major targets for asthma therapy.47


Eosinophils arise from bone marrow precursor cells. The migration of eosinophils from the bone marrow takes about 3.5 days after DNA synthesis has completed. In the blood, the half-time of eosinophils is 18 hours. Like neutrophils, there appears to be a marginated pool of eosinophils, which are in dynamic equilibrium with the circulating pool. Eosinophils marginate and emigrate into the tissues through postcapillary venules, probably through interactions with a number of adhesion molecules similar to the margination of neutrophils in the pulmonary circulation. However, eosinophils, but not neutrophils, adhere to the ligand VCAM-1 on the endothelial surface and, once adherent, can be attracted by a specific array of chemotactic agents into the lung. The life span of eosinophils in the lung is unknown, although it is assumed that they survive for several days. In vitro studies demonstrate that eosinophils can survive for over a week in the presence of IL-3, GM-CSF, and IL-5.


Many of our concepts of the biologic roles of eosinophil have been derived from studies of their mediators and biologic functions (see Table 7-4). Eosinophil granules contain a number of unique proteins with extensive biologic activities that contribute to the role of the eosinophil in lung inflammation, including major basic protein (MBP), eosinophil peroxidase (EPO), eosinophil cationic protein (ECP), and eosinophil-derived neurotoxin (EDN). MBP accounts for over 50% of the eosinophil granule protein. MBP is a potent toxin for mammalian cells and parasites in vitro, and has been localized in tissues in hypersensitivity diseases and bronchial asthma. EPO is an abundant protein in the matrix of the human eosinophil granule, and differs from neutrophil myeloperoxidase structurally. Like myeloperoxidase, EPO catalyzes the oxidation of halides by H2O2 to form highly reactive intermediates, which have antibacterial and anti-helminth activities. ECP and EDN are closely related proteins, located in the granule matrix, and demonstrate neurotoxic properties. The cytotoxic action of ECP involves the formation of channels in cell membranes, like complement-membrane interactions. ECP is part of the family of pore-forming proteins that includes lymphocyte perforin. Collectively these eosinophil proteins have potent activity that implicates the role of the eosinophil in the control of parasitic diseases. However, these proteins also have activities that are associated with the pathogenesis of obstructive lung disorders. Other peptide products of eosinophils are elastase, histaminase, phospholipase and arylsulfatase (see Table 7-4).


Eosinophils produce two principal lipid mediators with biologic effects implicating them in asthma and allergic disease: PAF (platelet activating factor) and LTC4 (see Table 7-4). PAF is capable of eliciting many of the characteristic features of the asthmatic airway. In a guinea pig model, PAF is one of the most potent inducers of airway microvascular leakage. It is also a potent bronchoconstrictor that can lead to airway hyperresponsiveness. Eosinophils also elaborate many products of arachidonic acid metabolism. They increase vascular permeability and enhance mucus production in animal and human models. Moreover, the sulfidopeptide leukotrienes have a major effect on airway smooth muscle contraction.


Activated eosinophils undergo a “respiratory burst” like that exhibited by neutrophils, and produce a similar repertoire of reactive oxygen intermediates following activation (see Table 7-4). Mechanisms of damage by eosinophil-produced oxidants are not well established, but peroxidation of lipids in the plasma membrane by [image: image] may be important. In the lung, oxygen radicals may cause increased vascular permeability and edema formation through effects on vascular endothelium, and they may cause increased smooth muscle contractility by effects on the airway epithelium.


Eosinophils have recently been demonstrated to produce a number of bioactive cytokines (see Table 7-4). The biological relevance and roles of these cytokines in eosinophil-effector cell interactions remains to be elucidated in vivo.


In summary, eosinophils synthesize a number of biologically active peptides that contribute to their ability to destroy parasites in vivo. However eosinophil products such as PAF, LTC4, and reactive oxygen intermediates have the potential to disrupt the airways and they have physiologic activities that implicate the eosinophil as a primary effector cell in asthma, possibly to the extent of functioning as an antigen presenting cell to Th2 lymphocytes.47









Innate Lymphocyte Responses in the Lung: Natural Killer Cells, Natural Killer T Cells, and γδ T Cells


Although lymphocyte populations are generally regarded as part of adaptive immunity, several lymphocyte subsets function in innate responses including recognition and elimination of tumor cells and certain pathogens. They accomplish this through the use of limited sets of conserved recognition receptors. Three major lymphocyte populations will be considered in this context. Natural killer (NK) cells are bone marrow–derived lymphocytes that are distinct from either B cells or T cells. NK-T cells are T cells that express the NK cell marker, NK1, a highly restricted/limited repertoire of the CD3/T cell receptor (TCR) complex with specificity for antigens presented in association with CD1. These cells most closely resemble CD4 T cells in terms of cytokine production. Finally, γδ T cells have a limited diversity of TCRs that recognize self and bacterial/protozoan antigens. These innate lymphocytes are considered to be a first line of defense against tumors and infection, and in modulating inflammation in the lung.


NK cells are capable of lysing certain tumor cells without prior sensitization (thus the name natural killer). They were originally thought to primarily provide protection against tumor cells. Subsequently, they have been demonstrated to provide defense against viral infections. NK cells express several distinctive surface receptors that influence cell function: CD 56; killer cell immunoglobulin- like receptors (KIRs), which are inhibitory receptors that recognize specific major histocompatiblity complex (MHC) class I receptors; NK receptors NKR-P1, CD161, NKG2A-NKG2E, and CD94, which are inhibitory receptors; CD16 (FCγ RIII-FC receptor for target-bound IgG), which mediates antibody-dependent cell-mediated cytotoxicity; CD2; and the β2 integrins.48


NK cells develop in the bone marrow and require stem cell factor (c-kit ligand), IL-7, flt-3 ligand, IL-15, IL12, IL-18, and interferon-γ for maturation. NK cells only constitute a small population of cells (2.5% of splenic leukocytes). This population, however, can respond and expand quickly in response to infection, contributing significantly to innate defenses. One mechanism of early innate response is the presence of multiple activation receptors on the surface of individual NK cells. In addition, NK cells have constitutive expression of many cytokine receptors that allow them to be stimulated by pro-inflammatory cytokines early in the course of response to injury or infection. Stimulation of NK cells can lead to further production of cytokines (interferon γ, TNF-α, GM-CSF). Moreover, activated or infected macrophages and dendritic cells produce a number of cytokines that can stimulate NK cells to produce cytokines and chemokines. Interferon α/β enhances NK cell cytotoxicity. In addition, NK cells appear to play an important role in attenuation or resolution of immune responses through action on CD8 T cells or indirect control of DC.48


NK T cells are CD4 T cells that express a unique set of cellular receptors. These receptors include the NK receptors (including CD16) and a unique invariant TCR Vα24-Jα18/Vβ11, co-expression of the NK cell marker NK1.1, MHC restriction for the nonclassical class I molecule CD1d, and the ability to make large amounts of Th1 or Th2 cytokines. Ligands for this complex include glycolipids rather than peptide antigens in the context of the CD1d molecule. NK T cells appear to function primarily in regulating autoimmunity and malignancy. In addition, they appear to be important in the processing of lipids from mycobacteria.49 This TCR is highly conserved in most animal species, suggesting it is a PRR. NKT cells can be activated directly by antigen interaction with receptors, or indirectly through exposure to cytokines (IL-12, IL-18) expressed by activated dendritic cells.49


γδ T lymphocytes are innate T lymphocyte populations that express the γδ T cell receptor with limited diversity. In humans, the Vγ2Vδ2 TCR is utilized by the majority of γδ T cells. These cells recognize small organic phosphate antigens from microbes. The population expands significantly in protozoan infections (e.g., malaria and toxoplasmosis) and mycobacterial infections.50 Differential expression of interferon-γ and IL-4 influences the development of Th1 and Th2 responses, respectively.












Adaptive Lung Defenses


Most pathogens gain entry to the lung across mucosal surfaces. An important aspect of inflammatory and immune responses to the entry of respiratory pathogens is the ability to mount an appropriate, regulated immune response that can clear the infection rapidly and efficiently, yet not expose the surrounding tissues or the whole host to chronic inflammation. Innate immunity provides the first level of protection. Adaptive or specific immunity provides specific responses to antigens during acute infection and provides specific immune memory that protects against subsequent exposure. A number of cell types contribute to airway mucosal defense, as discussed earlier in the chapter. As part of the mucosal surface from the nasal airway to the conducting airways, the bronchial-associated lymphoid tissue (BALT) functions in the development of adaptive lung defense. The BALT is made up of intraepithelial lymphocytes, macrophages, dendritic cells, NK and NK T cells that recognize foreign substances, invading organisms or their exoproducts, and products of cell injury using the receptor systems described. The dendritic cells or macrophages interact with lymphocytes to create the cellular immune responses, or to signal antibody production. These cells migrate to local lymph nodes, tonsils, or adenoids; process antigens; generate cytokines; and generate the adaptive immune responses. While extensive reviews of humoral (B cell mediated) and cellular (T cell mediated) immunity, antigen presentation and cellular activation are well beyond the scope of this chapter, we will briefly discuss the roles of humoral and cellular immunity with respect to lung defense.






T Lymphocytes and Lung Defense


Several types of T lymphocytes (T cells) contribute to lung immunity and tissue pathology. Two major types of antigen receptors are used by T lymphocytes: the γδ TCR, and the αβ receptor (making up the CD4 and CD8 T cell populations). The αβ T cell mounts cytolytic responses to infected cells, synthesizes cytokines, and stimulates B cell responses. αβ T cells that express the receptor protein CD4 are termed T helper (Th) cells. CD4 T cells recognize antigens presented via the MHC class II antigen, and they provide effector function primarily by the release of cytokines. Th cells can be further differentiated phenotypically into Th1 and Th2 populations based on their profiles of cytokine production. Th1 cells differentiate in the presence of IL-12 and IL-18 and produce interferon-γ, IL-2, and TNF-α in response to antigen. These cells have been regarded as responsible for the delayed hypersensitivity response to viral or bacterial infection, stimulating local macrophage activation and neutrophil recruitment, and altering specific T cell responses. Th2 cells are driven to differentiate by the presence of IL-4, and in the presence of antigen they respond by making IL-4, IL-5, IL-10, and IL-13. These cytokines are responsible for driving B lymphocytes to make antibodies, and they lead to the recruitment and activation of basophils and eosinophils. The Th2 phenotype has been associated with an allergic/asthmatic phenotype in mouse models and human studies.51


αβ T cells that express CD8 are cytotoxic cells. In response to peptides presented by the MHC class I molecules, CD8 T cells function in target cell toxicity. CD8 T cell toxicity is mediated by the release of cellular granules containing perforin (perturbs the cell membrane) and granzymes (disrupt target cells by altering intracellular targets). In addition, CD8 T cells can initiate apoptosis in target cells by Fas-FasL interactions. CD8 cells reinforce viral defenses by rendering adjacent cells resistant to infection, presumably by release of interferons.


T cell responses are tightly regulated. Whereas responses are necessary to eliminate pathogens, uncontrolled responses can cause autoimmune inflammatory diseases.









B Lymphocytes


Humoral immunity is mediated by antibodies produced by B lymphocytes (B cells). Antibodies are proteins that function to eliminate or neutralize the antigens that specifically induce their production. The interaction of antigens with B lymphocytes triggers the production of specific antibodies and establishes the potential for a rapid release of large amounts of antibody upon future stimulation (immune memory).


As B cells differentiate, one of the first changes is the rearrangement of information coded in the variable (V), diversity (D), and joining (J) regions of the gene. Through genetic rearrangement, DNA for one discrete V region is opposed to that of specific D J regions. This rearrangement is responsible for the specific affinity (idiotype) of the antibodies produced by B cells. The commitment of B cells to make antibodies to certain antigens is established prior to exposure to those antigens.


Initially, B cells express IgM and IgD isotypes on the cell surface. Upon interaction of an antigen with membrane-bound IgM, the clone of B cells with the genetic information coding for the antigen-specific antibodies undergoes two changes: proliferation, which results in clonal expansion, and differentiation, which results in production of antibodies of different isotypes. In addition, the B cells begin to express MHC class II molecules on their cell surface, which allows them to interact with Th cells. This hypermutation and class switching of immunoglobulin genes, along with the generation of memory B cells and plasma-cell precursors, occurs in the germinal centers of secondary lymphoid follicles, in the presence of dendritic cells, Th cells, and macrophages. The organization of these structures provides an immune microenvironment that maximizes the generation of antibody responses by bringing all relevant cell types into close contact for cell-cell signaling; this was recently named the immune synapse. Depending on the type of antigen, the B cell response may be classified as T cell–dependent or T cell–independent. The T cell–independent pathogens can stimulate B cells without assistance from T cells. Examples of T cell–independent antigens include polysaccharides and polymerized flagellin, which provide numerous repeating epitopes. T cell–independent antigens do not induce the formation of germinal centers and therefore cannot induce the generation of memory B cells or somatic hypermutation that results in the production of high-affinity antibodies. The extent of class switching from IgM to other classes of antibodies is also severely limited in the absence of Th cell–generated cytokines. In general, protein antigens are T cell–dependent, and the peptide-MHC complexes on CD4 T cells provide the cytokine signals that initiate somatic hypermutation and immunoglobulin class switching.52












Humoral Immunity


Depending on the stage of development of the B lymphocyte, different immunoglobulin isotypes are produced. Prior to antigenic stimulation, the “naïve” B lymphocyte expresses IgM (and IgD) on its surface. Early in the antigenic response, IgM, IgG3, and IgG1 are produced by B lymphocytes. In the chronic response, the predominant isotypes produced are IgG2 and IgG4. In addition, IgA is important in the mucosal immune response. The relative concentrations of immunoglobulin isotypes present in the bronchoalveolar lavage fluid of healthy individuals are listed in Table 7-5.




Table 7-5 Relative Concentration of Immunoglobulins in Serum and Bronchoalveolar Lavage (BAL)*


[image: image]








Immunoglobulin A


Secretory immunoglobulin A (IgA) is the predominant immunoglobulin isotype present in airway secretions. Secretory IgA is composed of two IgA molecules (dimeric IgA), a joining protein (J chain), and a secretory component. The dimeric IgA-J chain complex is produced by B lymphocytes in the submucosal tissues. The secretory component is produced by mucosal epithelial cells and acts as a receptor for dimeric IgA. After IgA binds to the secretory component, the entire complex undergoes endocytosis and is transported to the apical surface of the cell, where the secretory IgA complex is released into the mucosal environment. The secretory component serves to protect the secretory IgA complex from proteases present in the mucosal environment. Secretory IgA serves several functions, including neutralization of viruses and exotoxin, enhancement of lactoferrin and lactoperoxidase activities, and inhibition of microbial growth. Because dimeric IgA is able to bind two antigens simultaneously, it is capable of forming large antigen-antibody complexes. In this manner, IgA neutralizes microbes and facilitates their removal by mucociliary clearance, inhibits microbial binding to epithelial cells, and inhibits uptake of potential allergens.


In general, a serum IgA level of less than 7 mg/dL (0.07 g/L) is considered as selective IgA deficiency since this concentration is the lowest detectable limit established by most laboratories. When the serum IgA level is higher than 7 mg/dL but two standard deviations below normal for age, the condition may be referred to as partial IgA deficiency, which is quite common. The threshold of 4 years of age is used to avoid premature diagnosis of IgA deficiency, which may be transient in younger children due to delayed maturation of IgA production after birth.53 Symptomatic individuals present with various manifestations including recurrent sinusitis, otitis media, pharyngitis, bronchitis, pneumonia, chronic diarrhea, and autoimmune syndromes. Individuals with associated IgE deficiency tend to have less serious pulmonary disease in contrast to individuals with normal or high IgE, who in addition to the above disorders suffer from allergic respiratory problems and pulmonary hemosiderosis.


In general, patients with selective IgA deficiency are treated symptomatically for respiratory, gastrointestinal, and allergic problems. Since most preparations of gamma globulin contain IgA, the use of gamma globulin increases the risk of anaphylaxis if the recipient has anti-IgA antibodies. Transfusion of blood products presents a similar problem for these individuals. In patients with a combined IgA and IgG deficiency who need immunoglobulin therapy or the transfusion of blood products, it is critical to either ensure that the recipient does not have IgA antibodies or use a preparation that does not contain IgA.53









Immunoglobulin G


Although concentrations of immunoglobulin G (IgG) in the airway are less than those of IgA, all IgG subclasses are detectable in respiratory secretions. As opposed to IgA, which is actively transported into the airway, IgG reaches the airway largely by transudation through the mucosa. IgG functions by opsonizing microbes for phagocytosis and killing, activating the complement cascade, and neutralizing many bacterial endotoxins and viruses.


IgG deficiency, as in X-linked agammaglobulinemia or common variable hypogammaglobulinemia, is associated with recurrent otitis media, sinusitis, bronchitis, and pneumonia. Recurrence of airway infections may result in chronic airway injury with bronchiectasis. The combination of altered opsonic activity and bronchiectasis results in chronic colonization with respiratory pathogens such as Pseudomonas aeruginosa.54


In patients suspected of IgG deficiency, quantification of IgG subclasses should be performed in addition to measurement of the antibody response to polysaccharide vaccines (S. pneumoniae, H. influenzae). IgG-deficient patients with recurrent respiratory tract infections often benefit from prophylactic antibiotics, intravenous gamma globulin therapy, and the use of airway clearance techniques. The identification of a selective IgG subclass deficiency, or combined subclass deficiency, is not predictive of the capacity to produce antibody to pneumococcal polysaccharide or tetanus toxoid antigen. However, failure to demonstrate an antibody response to pneumococcal polysaccharide or tetanus toxoid is an indication of a potentially serious problem. Children with deficiency of all IgG isotypes (e.g., Bruton’s agammaglobulinemia) uniformly develop chronic airway infection and lung dysfunction unless treated aggressively.54









Immunoglobulin E


Immunoglobulin E (IgE) appears to participate in immunity to parasites. It binds to the parasites, and eosinophils then bind to the opsonized organisms via the IgE Fc receptors. Eosinophils are stimulated to release granular contents, resulting in lysis of the parasite. Isolated IgE deficiency has not been reported. IgE deficiency in combination with IgG4 deficiency has been described in a patient who suffered from recurrent otitis media and sinusitis. Job’s syndrome (or hyper-IgE syndrome) is characterized by recurrent skin and lower respiratory tract infections, eczema, elevated IgE levels, and eosinophilia. Associated facial and bone abnormalities are common. Symptoms occur within the first month of life with severe eczema, mucocutaneous infections, sinusitis, and lower respiratory tract infections with S. aureus or H. influenzae. Development of empyema, lung abscess, and pneumatocele is common.55









Immunoglobulin M


Most immunoglobulin M (IgM) remains in the vascular space due to its high molecular weight. However, IgM does gain access to the airway by exudation or by active secretion via the secretory component. IgM is capable of agglutinating bacteria and activating the complement cascade. Therefore, despite the fact that low levels of IgM are detected in airway secretions, it plays a role in mucosal defense. Isolated IgM deficiency is not associated with recurrent respiratory infections. Individuals with IgM deficiency appear to have a specific defect in B lymphocyte maturation, but the B lymphocytes are capable of secreting other antibody isotypes.54















The Role of Programmed Cell Death and Removal of Dead Cells in Lung Health, Injury, and Repair


During the course of lung development, growth, and injury repair, dead and injured cells must be replaced in an orderly process in order to maintain lung function and to control lung inflammation. Acute lung injury (ALI) and adult respiratory distress syndrome are examples “explosive” lung inflammation and injury. However, chronic conditions such as cystic fibrosis lung disease and pulmonary fibrosis are slower-evolving processes. In both types of lung injury, there is evidence that the programs of cell death and removal of dead cells become disordered, leading to ongoing inflammation and lung injury. The lung cells have evolved orderly processes controlling the breakdown of cell contents (autophagy), controlled cell death (apoptosis), and removal of dead or dying cells (efferocytosis) to maintain lung function and homeostasis. While detailed description of these topics is beyond the scope of this chapter, a brief description of their role in lung injury and lung inflammatory responses is essential to the discussion of lung defense (Table 7-6).


Table 7-6 Autophagy, Apoptosis, and Efferocytosis in the Lung






	Process

	Protein/Protein Families Required






	Autophagy

	 






	Initiation

	TOR, class 3 phosphoinositide 3-kinases, trimeric G proteins






	Execution

	Autophagy genes (Atg) activation and complex formation
Atg12, Atg7, Atg10, Atg5, Atg16 → Atg5-Atg12-Atg16
Complex present in autophagy isolation membrane






	 

	Atg8, Atg4, Atg7, Atg3, phosphotidylethanolamine
Atg8-phosphotidylethanolamine needed for association with autophagosome






	Maturation

	Lysosome-associated membrane protein 1 (LAMP1) and LAMP2






	Apoptosis

	 






	Extrinsic Pathway

	TNF family of receptors (TNFR-1, FAS/CD95,
Death receptor 3 (DR3, DR4, DR5, DR6)
TNF-related apoptosis inducing ligand (TRAIL)
Adaptor proteins, procaspase 8






	Intrinsic Pathway

	bcl2 family of proteins, cytochrome c
Apoptosis protein activator factor 1 (APAF-1)
Apoptosome = cytochrome c-APAF-1-procaspase 9, ATP






	Common pathway

	caspases 3, 6, 7






	Alternate pathways

	Fas/FasL, Perforin/granzyme (induced by CTL)






	Efferocytosis

	 






	“Eat me” signals

	phosphatidyl serine, calreticulin, CD31






	Receptors on phagocytic cells

	Low-density lipoprotein receptor–related protein (LRP)
MER receptor tyrosine kinase, αvβ3, αvβ5,
 scavenger receptors, CD44, CD14, complement receptors 3 and 4






	 

	Adenosine triphosphate binding cassette proteins ABC-A1 and ABC-A7






	Soluble factors

	Cystic fibrosis transmembrane regulator (CFTR) collectins (SP-A, SP-D, MBL), C1q, ficolins, pentraxins







Autophagy is an evolutionally conserved process present in virtually all eukaryotic cells. Three types of autophagy are described: macroautophagy, microautophagy, and chaperone-mediated autophagy. We will focus on macroautophagy, hereafter referred to as simply autophagy.56 Autophagy involves the sequestration of regions of the cytosol within double-membrane–bound compartments and the delivery of the contents of these compartments to the lysosome for degradation. While autophagy is important in the “recycling” of cellular components for reuse in a starvation state, there is recent evidence that autophagy is a component of innate immunity for the elimination of intracellular pathogens such as intracellular bacteria and viruses. Autophagy can be divided into three stages: initiation, execution, and maturation.56 Initiation of autophagy is regulated by target of rapamycin (TOR) kinase that functions as an inhibitor. Other pathways involve activation of trimeric G proteins and class III phosphoinositide 3-kinases. Execution of autophagy is mediated by a ubiquitination-like system that involves two key covalent conjugation pathways requiring the activation and complex formation by-products of the autophagy genes (Atg). The maturation step occurs by their fusion with endosomal vesicles forming interphagosomes that acquire lysosome-associated membrane protein 1 (LAMP1) and LAMP2. These structures fuse with the lysosomes and acquire cathepsins and acid phosphatases to become autolysosomes56 (see Table 7-6).


Apoptosis is a form of programmed cell death that is, for the most part, dependent on a family of proteins, the caspases. Apoptosis is characterized by cell shrinkage and formation of apoptotic bodies, generally keeping the cellular membranes intact. Apoptotic cells are characterized by caspase activation, DNA fragmentation, and externalization of phosphatidyl serine onto the cell surface. The caspases are proteases activated during apoptosis. Thirteen distinct human caspase genes have been identified. Seven are suggested to participate in apoptosis: the initiator caspases (caspase-2, caspase-8, caspase-9, and caspase-10) and the effector caspases (caspase-3, caspase-6, and caspase-7). These can be activated by themselves or by other proteases, resulting in a rapid chain reaction propagation of caspase activation. The initiator caspases can be activated by a series of polyprotein complexes, each activated in response to particular death signals.57 Apoptosis can occur through convergent extrinsic or intrinsic pathways. The extrinsic pathway involves cell surface death receptors belonging to the Tumor necrosis factor-receptor (TNF-R) family including TNF-R1, Fas/CD95, Death Receptor 3 (DR3), DR4, DR5, and DR6. These receptors are characterized by an intracellular death domain (DD) that transmits the apoptotic signal. Binding of a death ligand to the death receptor induces activation of the death receptor, which recruits adaptor proteins through interaction between the DD of the death receptor and the DD of the adaptor proteins, This adaptor protein interacts with the apoptosis initiator enzyme procaspase 8, causing a complex of the death receptor, adaptor protein, and procaspase 8 (called the death inducing signaling complex), resulting in the auto-proteolytic cleavage of procaspase 8 to caspase 8. The intrinsic pathway is induced by the stimulation of the mitochondrial membrane and translocation of the bcl2 family of proteins within the mitochondrial membrane, altering mitochondrial membrane permeability. This increased permeability results in the release of cytochrome c and other factors into the cytoplasm, where it recruits a caspase adaptor molecule APAF1 and the apoptosis initiator enzyme procaspase 9. Cytochrome c, APAF1, procaspase 9, and ATP form a complex called the apoptosome, and procaspase 9 becomes activated to caspase 9. At this point, both intrinsic and extrinsic pathways converge into a common pathway, resulting in the activation of executioner caspases 3, 6, and 7.57 In addition to the pathways of apoptosis discussed earlier in the chapter, cytotoxic T lymphocytes can induce apoptosis through the Fas ligand/Fas system and the perforin granzyme system (see Table 7-6).


Efferocytosis is the process of removal of apoptotic cells. This process is different from complement-induced or Fcγ-induced phagocytosis in that it involves both “professional phagocytes” (macrophages and dendritic cells) and other cell types, including epithelial cells and fibroblasts.58 Apoptotic cells are recognized by fundamental membrane alterations that must occur (the “eat me” signals). These include externalization of phosphatidylserine and calreticulin onto the membrane surface. In addition, CD31 (platelet-endothelial cell adhesion molecule-1) functions as a co-ligand that enhances attachment (tethering) to the macrophages and engagement of the “eat-me” signals. An array of receptors has been shown to be associated with efferocytosis, including the low-density lipoprotein receptor–related protein (LRP, CD91), Mer receptor tyrosine kinase, αvβ3, αvβ3 integrins, scavenger receptors, CF44, CD14, and complement receptors 3 and 4.58 Some receptors function primarily by holding the apoptotic cell and effector in close proximity, while other receptors are involved in transducing the effector signal. This results in cell activation and engulfment of the apoptotic target cell. The most immediate consequence of efferocytosis is the physical removal of apoptotic cells before membrane permeability begins, thereby helping to prevent release of internal toxic contents.58 Efferocytosis appears to play a role in both innate and adaptive immune responses in the lung. Efferocytosis promotes resolution of innate immune responses by actively suppressing inflammatory mediator production through the action of TGF-β1, prostanoids, peroxidase proliferator–activated receptor (PPAR)-γ, and IL-10. Interaction with adaptive immunity is suggested by the association of autoimmune disease with the impaired removal of apoptotic cells.


Soluble innate pattern-recognition proteins serve to identify non-self or altered-self molecular patterns on the apoptotic cell surface.59 The “eat me” signals on dying cell surfaces allow access to different lipids, intracellular glycoproteins, and nucleic acids at different stages of cell death. They replace the “don’t eat me” signals such as CD31 and CD47 on live cells. During late stages of cell death, soluble components are released that serve as “find me” signals. Several soluble proteins in the lung recognize these signals on cell surfaces and serve to bridge the apoptotic cell with the phagocyte. These include many of the proteins discussed previously: the collectins (SP-A, SP-D, mannose-binding lectin, C1q), ficolins, pentraxins, soluble CD-14, IgM, and CR3. These molecules help identify the “eat me” signals on apoptotic cells and promote efferocytosis, thereby limiting inflammation.












Summary


The lung is continuously exposed to potential pathogens. The multilayered defenses provided by the intrinsic, innate, and adaptive systems protect the lung from invasion, yet they are able to limit inflammatory responses and resolve lung inflammation after the pathogen has been eliminated. Although there is considerable overlap in the activities of these various defenses, defects can result either in recurrent infection or in persistent inflammation and lung injury.
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Section II


General Clinical Considerations










8 The History and Physical Examination
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At the beginning of the 21st century, the diagnosis of disease still requires a detailed medical history and a thorough physical examination. For the majority of patients in many areas of the world, additional information from laboratory tests and other data are of rather limited availability. Modern science and technology have changed the situation considerably in industrialized nations, but we are paying a high price. Cost containment in health care has become essential. Physicians need to be skillful in their history taking and physical examination techniques so they can collect a maximum amount of information before ordering expensive medical-technical investigations. The relevance of these skills in pediatric respiratory medicine is exemplified by clinical severity scores that are widely used in care maps for asthma, bronchiolitis, and croup in children, or in scores developed to manage patients suspected to have acute severe respiratory syndromes (e.g., during outbreaks of SARS, H1N1, and other forms or influenza).


The diagnosis of disease in children has to rely on the patient’s history and on observations gathered during the physical examination, even more than in older patients. Young children cannot follow instructions and participate in formal physiologic testing, and physicians hesitate before subjecting their pediatric patients to invasive diagnostic procedures. Diseases of the respiratory tract are among the most common in children, and in the majority of cases they can be correctly identified from medical history data and physical findings alone. The following review of the medical history and physical examination in children with respiratory disease includes some observations that were made with the help of modern technology. These technologic aids do not lessen the value of subjective perceptions but rather emphasize how new methods may further our understanding, sharpen our senses, and thereby advance the art of medical diagnosis.






The history






General Principles


The medical history should be taken in an environment with comfortable seating for all, a place for clothing and belongings, and some toys for younger children. Formula should be on hand to help quiet infants and toddlers. Privacy has to be assured, without the usual interruptions by phone calls and other distractions. If possible, the physician should see one child at a time because the presence of young siblings or other children in the room can be distracting. Data that should be recorded at the beginning include the patient’s name and address, the parents’ or guardians’ home and work phone numbers, the name of the referring physician, and information on the kindergarten or school if this is relevant. In many cases, the history will be given by someone other than the patient, but the physician should still directly ask even young children about their complaints. When asking about the history of the present illness, the physician should encourage a clear and chronologic narrative account. Questions should be open-ended, and at intervals the physician should give a verbal summary to confirm and clarify the information. Past medical data and system review are usually obtained by answers to direct questions.









Structure of the Pediatric History


The physician should note the source of and the reason for referral. On occasion, the referral is made by someone other than the patient or the parents (e.g., a teacher, relative, or friend). The physician should identify the chief complaint and the person most concerned about it. The illness at presentation should be documented in detail regarding onset and duration, the environment and circumstances under which it developed, its manifestations and their treatments, and its impact on the patient and family. Symptoms should be defined by their qualitative and quantitative characteristics as well as by their timing, location, aggravating or alleviating factors, and associated manifestations. Relevant past medical and laboratory data should be included in the documentation of the present illness.


This general approach is also applicable when the emphasis is on a single organ system, such as the respiratory tract. The onset of disease may have been gradual (e.g., with some interstitial lung diseases) or sudden (e.g., with foreign body aspiration). The physician should ask about initial manifestations and who noticed them first. The age at first presentation is important because respiratory diseases that manifest soon after birth are more likely to have been inherited or to be related to congenital malformations. Depending on the duration of symptoms, the illness will be classified as acute, subacute, chronic, or recurrent. These definitions are arbitrary, but diseases of less than 3 weeks’ duration are generally called acute; diseases between 3 weeks’ and 3 months’ duration are subacute, and those that persist longer than 3 months are chronic. If symptoms are clearly discontinuous, with documented intervals of well-being, the disease is recurrent. This distinction is important because many parents may perceive their child as being chronically ill, not realizing that young normal children may have six to eight respiratory infections per year, particularly during the first 2 years if the child is in a daycare setting or if he or she has older siblings.


Respiratory diseases are often affected by environmental factors. There should be a careful search for seasonal changes in symptoms to uncover possible allergic causes. Exposure to noxious inhaled agents, for example, from industrial pollution or more commonly from indoor pollution by cigarette smoke, can sustain or aggravate a patient’s coughing and wheezing. Similarly, a wood-burning stove used for indoor heating may be a contributing factor. The physician should therefore obtain a detailed description of the patient’s home environment. Are there household pets (e.g., dogs, cats, or hamsters) or birds (e.g., budgies, pigeons, or parrots)? What plants are in and around the house? Are there animal or vegetable fibers in the bedclothes or in the floor and window coverings (e.g., wool, feathers)? Are there systems in use for air conditioning and humidification? Is mold visible anywhere in the house?


There may be a relationship between respiratory symptoms and daily activities. Exercise is a common trigger factor for cough and wheezing in many patients with hyperreactive airways. A walk outside in cold air may have similar effects. Diurnal variation of symptoms may be apparent, and attention should be paid to changes that occur at night. These changes may also be related to airway cooling, or they may reflect conditions that are worse in the recumbent position, such as postnasal drip or gastroesophageal reflux. Food intake may bring on symptoms of respiratory distress when food is aspirated or when food allergies are present.


A large portion of children who present with respiratory symptoms are suffering from infection, most often viral. It is important to know whether other family members or persons in regular contact with the patient are also affected. When unusual infections are suspected, questions should be asked about recent travel to areas where exotic infective organisms may have been acquired. Drug abuse by parents or by older patients and others with high-risk lifestyles may lead the physician to consider the possibility of acquired immunodeficiency syndrome (AIDS).


Descriptions of respiratory disease manifestations may come from the parents or directly from an older child. Common symptoms are fever, cough and sputum production, wheezing or noisy breathing, dyspnea, and chest pain. Most of these are discussed in more detail later in the chapter.


The previous medical history will provide an impression of the general health status of the child. First, the birth history should be reviewed, including prenatal, natal, and neonatal events. The physician should inquire about the course of pregnancy, particularly whether the mother and fetus suffered from infections, metabolic disorders, or exposure to noxious agents (e.g., nicotine). The duration of pregnancy, possible multiple births, and circumstances leading to the onset of labor should be noted. Difficult labor and delivery may cause respiratory problems at birth (e.g., asphyxia and meconium aspiration), and the physician should ask about birth weight and Apgar scores. The physician should carefully review the neonatal course because many events during this period may affect the patient’s respiratory status in later years. Were there any signs of neonatal respiratory distress (e.g., tachypnea, retractions, and cyanosis)? Treatment with oxygen or endotracheal intubation should be recorded. Some extrathoracic disorders provide valuable clues for diagnosis, such as the presence of eczema in atopic infants or neonatal conjunctivitis in a young patient with chlamydia pneumonia, particularly if there was a documented infection of the mother.


Much is learned from a detailed feeding history, which should include the amount, type, and schedule of food intake. The physician should ask whether the child was fed by breast or bottle. For the newborn and young infant, feeding is a substantial physical exercise and may lead to distress in the presence of respiratory disease, much as climbing stairs does in the older patient. The question of exercise tolerance in an infant is therefore asked by inquiring how long it takes the patient to finish a meal. To support the work of breathing, the caloric intake of infants with respiratory disease is often reduced despite an increased caloric need. This reduced caloric intake commonly results in a failure to thrive. Older patients with chronic respiratory disease and productive cough may suffer from a continuous exposure of their taste buds to mucopurulent secretions and may quite understandably lose their appetites, but medical treatment (e.g., with certain antibiotics) may have similar effects. Patients with food hypersensitivity may react with bronchospasm or even with interstitial lung disease on exposure to the allergen (e.g., to milk). Physical irritation and inflammation occur if food is aspirated into the respiratory tract. This happens frequently in patients with debilitating neurologic diseases and deficient protective reflexes of the upper airways but may also occur in neurologically intact children. A history of cough or choking during feeding should alert the physician to the possibility of pulmonary aspiration.


The physical development of children with chronic respiratory diseases may be retarded. Malnutrition in the presence of increased caloric requirements is common, but the effects of some long-term medical treatments (e.g., with steroids) should also be considered. Previous measurements of body growth should be obtained and plotted on standard nomograms. Psychosocial development may be affected if chronic lung diseases (e.g., asthma or cystic fibrosis) limit attendance and performance at school or if behavioral problems arise in children and adolescents subjected to chronic therapy. More severely affected patients may also be delayed in their sexual development.


Many diseases of the respiratory tract in children have a genetic component, either with a clear Mendelian mode of inheritance (e.g., autosomal recessive in cystic fibrosis, homozygous deficiency of α1-antitrypsin, sex-linked recessive in chronic granulomatous disease, and autosomal dominant in familial interstitial fibrosis) or with a genetic contribution to the cause. Examples of familial aggregation of respiratory disease are chronic bronchitis and bronchiectasis or familial emphysema in patients with heterozygous α1-antitrypsin deficiency, in which the susceptibility of the lung to the action of irritants (e.g., cigarette smoke) is increased. A mixed influence of genetic and environmental factors exists in polygenic diseases, such as asthma or allergic rhinitis.


When inquiring about the family history, the physician should review at least two generations on either side. The parents should be asked whether they are related by blood, and information should be obtained about any childhood deaths in the family. The health of the patient’s siblings and also of brothers and sisters of both parents should be documented. Particular attention should be paid to histories of asthma, allergies and hay fever, chronic bronchitis, emphysema, tuberculosis, cystic fibrosis, and sudden unexpected infant death.


The physician should obtain a detailed report of prior tests and immunizations. Quite often this requires communication with other health care providers. Results of screening examinations (e.g., tuberculin and other skin tests, chest radiographs, and sweat chloride measurements) should be noted. Similarly, childhood illnesses, immunizations, and possible adverse immunization reactions should be documented. If the history is positive for allergic reactions, these have to be confirmed and defined. Previous hospital admissions and their indications should be listed, and the patient’s current medications and their efficacy should be documented. If possible, the drug containers and prescriptions should be reviewed. The physician may use the opportunity to discuss the pharmacologic information and the technique of drug administration, particularly with inhaled bronchodilator medications.


One of the most important goals in taking a history is to become more aware of the particular psychological and social situation of the patient. It is impossible to judge current complaints or responses to medical interventions without an individual frame of reference for each patient. The physician should encourage the child and the parents to describe a typical day at home, daycare, kindergarten, or school. This will provide valuable information about the impact of the illness on daily routines, the financial implications, the existing or absent social support structures, and the coping strategies of the family. Compliance with medical treatment is rarely better than 50%, and physicians are generally unable to predict how well their patients follow and adhere to therapeutic regimens. Compliance can improve if the patient and the parents gain a better understanding of the disease and its treatment. It is important to recognize prior experiences that the family may have had with the health care system and to understand individual spiritual, religious, and health beliefs. Particularly in children with chronic respiratory ailments whose symptoms are not being controlled or prevented, the effort and unpleasantness (e.g., of chest physiotherapy) may limit the use of such interventions. The physician should also consider the social stigma associated with visible therapy, especially among peers of the adolescent patient.


A review of organ systems is usually the last part of the history and may actually be completed during the physical examination. Although the emphasis is on the respiratory system, questions about the general status of the child will be about appetite, sleep, level of activity, and prevailing mood. Important findings in the region of the head and neck are nasal obstruction and discharge, ear or sinus infection, conjunctival irritation, sore throat, and swallowing difficulty. The respiratory manifestations of coughing, noisy breathing, wheezing, and cyanosis are discussed in detail at the end of this chapter. Cardiovascular findings may include palpitations and dysrhythmia in hypoxic patients; there may be edema formation and peripheral swelling with cor pulmonale. Effects of respiratory disease on the gastrointestinal tract may appear with cough-induced vomiting and abdominal pain. There may be a direct involvement with diarrhea, cramps, and fatty stools in patients with cystic fibrosis. The physician should ask about hematuria and about skin manifestations, such as eczema or rashes, and about swellings and pain of lymph nodes or joints. Finally, neurologic symptoms (e.g., headache, lightheadedness, or paresthesia) may be related to respiratory disease and cough paroxysms or hyperventilation.












The physical examination


Traditionally, the physical examination is divided into inspection, palpation, auscultation, and percussion. The sequence of these steps may be varied depending on the circumstances, particularly in the assessment of the respiratory tract in children. The classic components of the physical examination and some modern aids and additions are discussed in the following sections.






Inspection


Much can be learned from simple observation, particularly during those precious moments of sleep in the young infant or toddler, who when awake can be a challenge even for the skilled examiner. First, the pattern of breathing should be observed. This includes the respiratory rate, rhythm, and effort. The respiratory rate decreases with age and shows its greatest variability in newborns and young infants (Fig. 8-1). The rate should be counted over at least 1 minute, ideally several times for the calculation of average values. Because respiratory rates differ among sleep states and become even more variable during wakefulness, a note should be made describing the behavioral state of the patient. Observing abdominal movements or listening to breath sounds with the stethoscope placed before the mouth and nose may help in counting respirations in patients with very shallow thoracic excursions.





[image: image]

Figure 8-1. A and B, Mean values (solid line) ± 2 SD (dotted lines) of the normal respiratory rate at rest (during sleep in children younger than 3 years of age). There is no significant difference between the sexes, and regression lines represent data from both boys and girls. The respiratory rate decreases with age and shows the greatest normal variation during the first 2 years of life.


(A, Data from Rusconi F, Castagneto M, Gagliardi L, et al. Reference values for respiratory rate in the first 3 years of life. Pediatrics. 1994;94:350. B, Data from Hooker EA, Danzl DF, Brueggmeyer M, et al. Respiratory rates in pediatric emergency patients. J Emerg Med. 1992;10:407.)





Longitudinal documentation of the respiratory rate during rest or sleep is important for the follow-up of patients with chronic lung diseases, even more so for those too young for standard pulmonary function tests. Abnormally high breathing frequencies or tachypnea can be seen in patients with decreased compliance of the respiratory apparatus and in those with metabolic acidosis. Other causes of tachypnea are fever (approximately 5 to 7 breaths per minute increase per degree above 37° C), anemia, exertion, intoxication (salicylates), and anxiety and psychogenic hyperventilation. The opposite, an abnormally slow respiratory rate or bradypnea, can occur in patients with metabolic alkalosis or central nervous system depression. The terms hyperpnea and hypopnea refer to abnormally deep or shallow respirations. At given respiratory rates, this determination is a subjective clinical judgment and is not easily quantified unless the pattern is obvious, such as the Kussmaul type of breathing in patients with diabetic ketoacidosis.


Significant changes in the rhythm of breathing occur during the first months of life. Respiratory pauses of less than 6 seconds are common in infants younger than 3 months of age. If these pauses occur in groups of three or more that are separated by less than 20 seconds of respiration, the pattern is referred to as periodic breathing. This pattern is very common in premature infants after the first days of life and may persist until 44 weeks postconceptional age. In full-term infants, periodic breathing is usually observed between 1 week and 2 months of age and is normally absent by 6 months of age. Apnea with cessation of air flow lasting more than 15 seconds is uncommon and may be accompanied by bradycardia and cyanosis. In preterm infants, a drop in oxygen saturation may be seen up to 7 seconds after a respiratory pause when in room air and up to 9 seconds later when on supplemental oxygen.


Other abnormal patterns include Cheyne-Stokes breathing, which occurs as cycles of increasing and decreasing tidal volumes separated by apnea (e.g., in children with congestive heart failure and increased intracranial pressure). Biot breathing consists of irregular cycles of respiration at variable tidal volumes interrupted by apnea and is an ominous finding in patients with severe brain damage.


After noting the rate and rhythm of breathing, the physician should look for signs of increased respiratory effort. The older child will be able to communicate the subjective experience of difficult breathing, or dyspnea. Objective signs that reflect distressed breathing are chest wall retractions; visible use of accessory muscles and the alae nasi; orthopnea; and paradoxical respiratory movements. The more negative intrapleural pressure during inspiration against a high airway resistance leads to retraction of the pliable portions of the chest wall, including the intercostal and subcostal tissues and the supraclavicular and suprasternal fossae. Conversely, bulging of intercostal spaces may be seen when pleural pressure becomes greatly positive during a maximally forced expiration. Retractions are more easily visible in the newborn infant, in whom intercostal tissues are thinner and more compliant than in the older child.


Visible contraction of the sternocleidomastoid muscles and indrawing of supraclavicular fossae during inspiration are among the most reliable clinical signs of airway obstruction. In young infants, these muscular contractions may lead to head bobbing, which is best observed when the child rests with the head supported slightly at the suboccipital area. If no other signs of respiratory distress are present in an infant with head bobbing, however, central nervous system disorders, such as third ventricular cysts, should be considered. Older patients with chronic airway obstruction and extensive use of accessory muscles may appear to have a short neck because of hunched shoulders. Orthopnea exists when the patient is unable to tolerate a recumbent position.


Flaring of the alae nasi is a sensitive sign of respiratory distress and may be present when inspiration is abnormally short (e.g., under conditions of chest pain). Nasal flaring enlarges the anterior nasal passages and reduces upper and total airway resistance. It may also help to stabilize the upper airways by preventing large negative pharyngeal pressures during inspiration.


The normal movement of chest and abdominal walls is directed outward during inspiration. Inward motion of the chest wall during inspiration is called paradoxical breathing. This is seen when the thoracic cage loses its stability and becomes distorted by the action of the diaphragm. Classically, paradoxical breathing with a seesaw type of thoracoabdominal motion is seen in patients with paralysis of the intercostal muscles, but it is also commonly seen in premature and newborn infants who have a very compliant rib cage. Inspiratory indrawing of the lateral chest is known as Hoover’s sign and can be observed in patients with obstructive airway disease. Paradoxical breathing also occurs during sleep in patients with upper airway obstruction. The development of paradoxical breathing in an awake, nonparalyzed patient beyond the newborn period usually indicates respiratory muscle fatigue and impending respiratory failure.


Following inspection of the breathing pattern, the examiner should pay attention to the symmetry of respiratory chest excursions. Unilateral diseases affecting lungs, pleura, chest wall, or diaphragm may all result in asymmetric breathing movements. Trauma to the rib cage may cause fractures and a “flail chest” that shows local paradoxical movement. Pain during respiration usually leads to “splinting” with flexion of the trunk toward and decreased respiratory movements of the affected side. The signs of hemidiaphragmatic paralysis may be subtle and are usually more noticeable in the lateral decubitus position with the paralyzed diaphragm placed up. This position tends to accentuate the paradoxical inward epigastric motion on the affected side.


Other methods to augment inspection of chest wall motion use optical markers. In practice, this technique is done by placing both hands on either side of the patient’s lateral rib cage with the thumbs along the costal margins. Divergence of the thumbs during expansion of the thorax supposedly aids in the visual perception of the range and symmetry of respiratory movements. This technique is of little use in children. A more accurate method of documenting the vectors of movement at different sites (but one that is not yet practical for bedside evaluation) is to place a grid of optical markers on the chest surface and film their positional changes during respiration relative to a steady reference frame. A similar concept is used in optical studies of chest deformities. Projection of raster lines onto the anterior chest surface allows stereographic measurement of deformities, such as pectus excavatum, and augments the visual image of the surface shape (Fig. 8-2). In practice and without such tools, however, the physician should inspect the chest at different angles of illumination to enhance the visual perception of chest wall deformities. Their location, size, symmetry, and change with respiratory or cardiac movements should be noted.





[image: image]

Figure 8-2. Optical markers augment the visual perception of chest wall deformities. In this example of rasterstereography, lines are projected onto the anterior thorax, and the surface image is computed as a regular network. The change of the funnel chest deformity before (A) and after surgery (B) is easily appreciated. In practice and at the bedside, the physician should inspect at different angles of illumination to enhance the visual perception of chest wall deformities.


(From Hierholzer E, Schier F. Rasterstereography in the measurement and postoperative follow-up of anterior chest wall deformities. Z Kinderchir. 1986;41:267-271.)





The physician should measure the dimensions of the chest. Chest size and shape are influenced by ethnic and geographic factors that should be taken into account when measurements are compared with normative data. Andean children who live at high altitudes, for example, have larger chest dimensions relative to stature than children in North America. The chest circumference is usually taken at the mamillary level during mid-inspiration. In practice, mean readings during inspiration and expiration should be noted (Fig. 8-3A). Premature infants have a greater head circumference than chest circumference, while these measurements are very similar at term (see Fig. 8-3B). Malnutrition can delay the time at which chest circumference begins to exceed head circumference.





[image: image]

Figure 8-3. A, Normal distribution of chest circumference from birth to 14 years. Tape measurements are made at the mamillary level during mid-inspiration. Before plotting the values on the graph, one should add 1 cm for males and subtract 1 cm for females between 2 and 12 years of age. B, Normal distribution of chest circumference from 26 to 42 weeks of gestation. The dotted lines indicate the 10th and 90th percentiles, respectively. Note that chest circumference is close to head circumference at term.


(A, From Feingold M, Bossert WH. Normal values for selected physical parameters. An aid to syndrome delineation. Birth Defects. 1974;10:14. B, Data from Britton JR, Britton HL, Jennett R, et al. Weight, length, head and chest circumference at birth in Phoenix, Arizona. J Reprod Med. 1993;38:215.)





Further objective documentation of the chest configuration may include measurements of thoracic depth (anteroposterior [AP] diameter) and width (transverse diameter). The thoracic index, or the ratio of AP over transverse diameter, is close to unity in infants and decreases during childhood. Measurements should be taken with a caliper at the level of the nipples in upright subjects. Normative values for young children are available but dated (Fig. 8-4). Most of the configurational change of the chest occurs during the first 2 years and is probably influenced by gravitational forces after the upright position becomes common. Disease-related changes in thoracic dimensions occur either as potential causative factors (e.g., the elongated thorax with a stress distribution that favors spontaneous pneumothorax in lanky adolescents, particularly males who increase their thoracic height versus width more than females) or as a secondary event (e.g., the barrel-shaped chest in patients with emphysema and chronic hyperinflation of the lung).





[image: image]

Figure 8-4. Mean values (solid line) ± SD (dashed lines) of the normal distribution of anteroposterior (AP) and lateral chest diameters in boys and girls. Caliper measurements are made at the mamillary level during mid-inspiration.


(Data from Lucas WP, Pryor HB. Range and standard deviations of certain physical measurements in healthy children. J Pediatr. 1935;6:533-545.)





Inspection of the patient should also be directed to the extrathoracic regions. Many observations on the examination of the head and neck provide valuable clues to the physical diagnosis. Bluish coloration of the lower eyelid (“allergic shiners”); a bilateral fold of skin just below the lower eyelid (Dennie lines); and a transverse crease from “allergic salutes,” running at the junction of the cartilaginous and bony portion of the nose, may all be found in atopic individuals. The physician should always examine the nose and document bilateral patency by occluding each side while feeling and listening for air flow through the other nostril. Even without a speculum, one can assess the anterior half by raising the nose tip with one thumb and shining a light into the nasal passageways. Color and size of the mucosa should be noted. The frequency of asymptomatic nasal polyps seems to be high. Most polyps arise from the mucosa of the ostia, clefts, and recesses in the ostiomeatal complex and have the appearance of gelatinous tissue. Easily visible nasal polyps are common in patients with cystic fibrosis. Nasal polyposis may also be familial or associated with allergy, asthma, and aspirin intolerance.


The oropharynx should be inspected for its size and signs of malformation, such as cleft palate, and for signs of obstruction by enlarged tonsils. Evidence of chronic ear infections should be documented, and the areas over frontal and maxillary paranasal sinuses should be tested for tenderness. Inspection of the skin is important and may reveal the eczema of atopy. The finding of a scar that typically develops at the site of a successful bacillus Calmette-Guérin (BCG) vaccination may be relevant. In North American children, these scars are usually found over the left deltoid, but other sites, including buttocks and lower extremities, are also used for BCG inoculation in different parts of the world. Common physical findings such as cyanosis, clubbing, and the cardiovascular signs of pulmonary disease are discussed in more detail at the end of this chapter.
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TABLE 31 RELATIVE RISKS (RR) FOR EXAMPLES
OF ADDITIVEAND MULTIPLICATIVE
MODELS OF ENVIRONMENTAL AND
GENETIC RISK FACTOR INTERACTIONS

ENVIRONMENTAL RISK GENETICRISK
FACTOR FACTOR
Additive Model Multiplicative Model
Absent  Presemt  Absent Present
Absent 1 3 1 2
Present 1.5 25 s 3

(From Demple 3, Scherag 4, Hein R, etal., 2008, Gene-environment interactons
for complex rais: deinitions, methodologica requirements and challenges. Eur
Hoem Gemet. 2008:16:1164-1172. Used with permission.)
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