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v

 Filaggrin. Why a book on fi laggrin? 
 As described below, there are indeed many good reasons to be interested 

in this particular molecule and its effects on human homeostasis. 
 In 1977, Beverly Dale identifi ed a “stratum corneum basic protein” 

(SCBP) that was rich in histidine and worked as an interfi lamentous matrix 
substance. The term “fi laggrin” (fi lament aggregating protein) was later 
coined when the investigators showed that the SCBP condensed and aligned 
keratin intermediate fi laments in vitro. Epidermal decrease or absence of the 
precursor molecule pro-fi laggrin was then linked to ichthyosis vulgaris, and 
in 2002, genetic linkage analyses mapped the fi laggrin gene ( FLG ) to the epi-
dermal differentiation complex on chromosome 1q21. Ever since 2006, when 
successful genotyping of the  FLG  was performed for the fi rst time, novel 
groundbreaking discoveries fundamentally changed the way we understand 
the atopic disorders. 

 Our overall understanding of skin barrier functions has also benefi ted 
dramatically from fi laggrin research being relevant to non-atopic cutaneous 
diseases. Genotyping of different populations has even suggested a possible 
evolutionary advantage of  FLG  mutations. While fi laggrin is defi nitely a 
very important skin protein, fi laggrin is also expressed in other tissues. We 
predict that we are merely at the beginning of research focusing on the 
broader perspectives of fi laggrin. It is therefore of interest not only to derma-
tologists and allergists but also to clinicians from other specialties, toxicolo-
gists, and regulators. Moreover, pharmaceutical companies already show a 
strong interest in developing therapeutics to help these patients and prevent 
morbidity. 

 This fi rst edition provides a broad overview of fi laggrin research and 
should ideally be used as an encyclopedia. We are incredibly thankful to the 
authors who have so kindly committed to this project and who have care-
fully reviewed diffi cult topics and made the information easily accessible 
to the readers. Without such commitment, obviously no book could have 
been developed. We wish to thank Springer and especially Dr. Sverre Klemp 
for facilitating and supporting this project. Diane Lamsback and Suganya 
Selvaraj are thanked for their skilled, patient, and careful organization of 
the manuscripts and for communicating extensively with us and the authors. 
Professor Peter Elias is thanked for sharing his deep insight and knowledge 
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on fi laggrin and the skin  barrier during Jacob Thyssen’s sabbatical in San 
Francisco. Finally, we wish to thank Professor Torkil Menné for the idea 
of making a book on fi laggrin, for being such a strong inspiration to his 
 colleagues, and for always being enthusiastic.  

 Hellerup, Denmark Jacob P. Thyssen 
 San Francisco, CA, USA Howard I. Maibach  
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  Fig. 1    The number of publications per year retrieved in PubMed using the search term 
“fi laggrin”       

 

Preface



vii

Part I Basic Science

 1 Function of Filaggrin and Its Metabolites . . . . . . . . . . . . . . . . . 3
Sanja Kezic

 2 Morphology of Filaggrin-Depleted Epidermis  . . . . . . . . . . . . . 9
Robert Gruber

 3 Stratum Corneum Lipids and Filaggrin  . . . . . . . . . . . . . . . . . . 23
Jakob Mutanu Jungersted

 4 Infl ammatory-Driven Depletion of Filaggrin Proteins . . . . . . . 27
Christian Vestergaard and Mette S. Deleuran

 5 Immune Activity and Vitamin D  . . . . . . . . . . . . . . . . . . . . . . . . 37
Charlotte M. Bonefeld, Morten M. Nielsen, 
and Carsten Geisler

 6 Filaggrin-2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
Jens-Michael Schröder and Britta Hansmann

Part II Identifi cation and Study Methods

 7 Animal Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
Kozo Nakai, Kozo Yoneda, and Yasuo Kubota

 8 In Vitro Models of Filaggrin- Associated Diseases. . . . . . . . . . . 75
Sarah Küchler

 9 Mapping Posttranslational Regulation of Filaggrin 
Using Phosphoproteomics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
David L. Stenoien

10 Noninvasive Detection of Filaggrin Molecules 
by Raman Spectroscopy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
Francisco J. González

11 Filaggrin Genotyping. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Pal B. Szecsi and Michael Meldgaard

Contents



viii

Part III Epidemiology and Environmental Exposures

12 Prevalence of Filaggrin Gene Mutations: 
An Evolutionary Perspective. . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Marten C.G. Winge and Maria Bradley

13 Filaggrin Gene Mutations in Asian Races . . . . . . . . . . . . . . . . . 129
Ruhong Cheng, Ming Li, Hui Zhang, and Zhirong Yao

14 Filaggrin Gene Loss-of-Function Mutations and Exposure 
to Endocrine Disrupting Environmental Chemicals. . . . . . . . . 137
Ulla N. Joensen and Jacob P. Thyssen

Part IV Filaggrin and Atopic Disease

15 Filaggrin Mutations and the Atopic March. . . . . . . . . . . . . . . . 143
Jennifer R. Heimall and Jonathan M. Spergel

16 Atopic Dermatitis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
Teresa Tsakok and Carsten Flohr

17 Asthma   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
Simon F. Thomsen

18 Filaggrin Mutations, Skin Barrier Dysfunction, 
and Sensitization in Allergic Rhinitis . . . . . . . . . . . . . . . . . . . . . 183
Tatiana A. Vogel and Marie-Louise A. Schuttelaar

19 Filaggrin and Non-cutaneous Disease: Food Allergy  . . . . . . . . 195
Hern Tze Tina Tan and Katrina J. Allen

20 Filaggrin in Canine Skin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
Gunnaporn Suriyaphol, Sirin Theerawatanasirikul, 
and Prapat Suriyaphol

Part V Filaggrin and Cutaneous Disease

21 Ichthyosis Vulgaris and Other Disorders of Cornifi cation. . . . 223
Sreya Talasila and Amy S. Paller

22 Xerosis Means “Dry Skin”: Mechanisms, 
Skin Conditions, and Its Management. . . . . . . . . . . . . . . . . . . . 235
Ana M. Gimenez-Arnau

23 Allergic Contact Dermatitis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
Wolfgang J.C. Uter

24 Irritant Contact Dermatitis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
Sanja Kezic and Maaike J. Visser

25 Hand Eczema  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
Richard Brans and Swen Malte John

26 Filaggrin in Psoriasis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
Peter Jensen and Lone Skov

Contents



ix

27 Filaggrin and Skin Infections  . . . . . . . . . . . . . . . . . . . . . . . . . . . 279
Emily Y. Gan, Sophie C.S. Cai, and Mark B.Y. Tang

28 Atopic Dermatitis and Skin Cancer . . . . . . . . . . . . . . . . . . . . . . 293
Lennart Emtestam, Lena Hagströmer, and Karin Sartorius

29 Filaggrin Gene Mutations: A Clinician’s Perspective  . . . . . . . 301
David Bregnbak, Claus O.C. Zachariae, and Torkil Menné

Part VI Filaggrin and Non-cutaneous Disease

30 Filaggrin, the Skin Barrier, and Diabetes  . . . . . . . . . . . . . . . . . 311
Elena Godoy-Gijón

31 The Eye and Filaggrin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Anne Sofi e Lund Bateman and Steffen Heegaard

32 Filaggrin Dysfunction and Its Association 
with Infl ammatory Conditions of the GI Tract . . . . . . . . . . . . . 327
Andreas P. Thyssen and Erik P. Thyssen

33 Filaggrin, Human Papillomavirus, and the Cervix. . . . . . . . . . 333
Simon W. Fage, Thomas Iftner, Jacob P. Thyssen, 
and Susanne K. Kjaer

34 Antibodies Against Citrullinated Proteins and Filaggrin  . . . . 343
Katleen F.E. Van Steendam and Dieter L. Deforce

35 Filaggrin and the Oral Mucosa. . . . . . . . . . . . . . . . . . . . . . . . . . 351
Anne Marie Lynge Pedersen and Jesper Reibel

Part VII Management

36 Therapeutics and Other Interventions. . . . . . . . . . . . . . . . . . . . 359
Berit Christina Carlsen

Contents



 



xi

     Katrina     J.     Allen  ,   MD, PhD       Population Health ,  Murdoch Childrens 
Research Institute  ,  Melbourne ,  VIC ,  Australia   

  Department of Allergy and Immunology ,  Royal Children’s Hospital  , 
 Melbourne ,  VIC ,  Australia   

  Department of Paediatrics ,  The University of Melbourne  , 
 Melbourne ,  VIC ,  Australia     

      Charlotte     M.     Bonefeld  ,   PhD       Department of International Health, 
Immunology and Microbiology ,  University of Copenhagen  , 
 Copenhagen ,  Denmark     

      Maria     Bradley  ,   MD, PhD       Department of Dermatology , 
 Institution of Medicine, Karolinska University Hospital  , 
 Stockholm ,  Sweden     

      Richard     Brans  ,   MD       Department of Dermatology, Environmental 
Medicine, Health Theory ,  University of Osnabrueck  , 
 Osnabrueck ,  Germany     

      David     Bregnbak  ,   MD       Department of Dermato-Allergology , 
 Gentofte Hospital, Copenhagen University  ,  Hellerup ,  Denmark     

      Sophie     C.    S.     Cai  ,   BA (Hons), MS          Duke-National University 
of Singapore Graduate Medical School  ,  Singapore ,  Singapore     

      Berit     Christina     Carlsen  ,   MD, PhD       Department of Dermato-Allergology , 
 National Allergy Research Centre, Gentofte Hospital, 
University of Copenhagen  ,  Hellerup ,  Denmark     

      Ruhong     Cheng  ,   MD       Department of Dermatology ,  Xinhua Hospital, 
Shanghai Jiao Tong University  ,  Shanghai ,  China     

      Dieter     L.     Deforce  ,   PhD, PharmD       Laboratory for Pharmaceutical 
Biotechnology ,  University Ghent  ,  Ghent ,  Belgium     

      Mette     S.     Deleuran  ,   MD, DMSc       Department of Dermatology , 
 Aarhus University Hospital  ,  Aarhus C ,  Denmark     

      Lennart     Emtestam  ,   MD, PhD       Department of Dermatology , 
 Karolinska Institutet  ,  Stockholm ,  Sweden     

  Contributors 



xii

      Simon     W.     Fage  ,   MD       Department of Dermato-Allergology , 
 National Allergy Research Centre, Gentofte Hospital, 
University of Copenhagen  ,  Hellerup ,  Denmark     

      Carsten     Flohr  ,   MD, MA, MPhil, MSc, PhD       Department of Paediatric 
Dermatology and Children’s Allergies ,  St. John’s Institute of Dermatology, 
Guy’s and St. Thomas’ Hospitals NHS Foundation Trust 
and King’s College London  ,  London ,  UK     

      Emily     Y.     Gan  ,   MBBS(Hons), MRCP(UK), MMed(IntMed)       Department 
of Dermatology ,  National Skin Centre  ,  Singapore ,  Singapore     

      Carsten     Geisler  ,   MD, PhD, DMSc       Department of International Health, 
Immunology and Microbiology ,  University of Copenhagen  , 
 Copenhagen ,  Denmark     

      Ana     M.     Gimenez-Arnau  ,   MD, PhD, MBBS       Department of Dermatology , 
 Hospital del Mar Universitat Autonoma de Barcelona  ,  Barcelona ,  Spain     

      Elena     Godoy-Gijón  ,   MD       Department of Dermatology ,  Hospital De 
Cabueñes, Secretaría del Servicio de Dermatología, 
Policlínicas de la Casa del Mar  ,  Gijón ,  Spain     

      Francisco     J.     González  ,   PhD       Center for the Investigation and Application 
of Science and Technology ,  Autonomous University of San Luis Potosi  , 
 San Luis Potosi ,  Mexico     

      Robert     Gruber  ,   MD       Department of Dermatology and Venereology , 
 Innsbruck Medical University  ,  Innsbruck ,  Austria     

      Lena     Hagströmer  ,   MD, PhD       Department of Dermatology 
and Venereology ,  South General Hospital  ,  Stockholm ,  Sweden     

      Britta     Hansmann  ,   PhD       Department of Dermatology , 
 University Hospital of Schleswig-Holstein  ,  Schleswig-Holstein ,  Germany     

      Steffen     Heegaard  ,   PhD       Department of Neuroscience and Pharmacology , 
 Eye Pathology Institute, University of Copenhagen  ,  Copenhagen ,  Denmark   

  Department of Ophthalmology ,  Glostrup Hospital, 
University of Copenhagen  ,  Copenhagen ,  Denmark     

      Jennifer     R.     Heimall  ,   MD       Division of Allergy and Immunology, 
Department of Pediatrics ,  The Children’s Hospital of Philadelphia  , 
 Philadelphia ,  PA ,  USA     

      Thomas     Iftner  ,   Dr rer nat (PhD)       Division of Experimental Virology , 
 Institute for Medical Virology and Epidemiology of Viral Diseases, 
University Hospital, Eberhard-Karls-Universität Tübingen  , 
 Tuebingen ,  Germany     

      Peter     Jensen  ,   MD, PhD       Department of Dermato-Allergology , 
 Gentofte Hospital, Copenhagen University  ,  Hellerup ,  Denmark     

      Ulla     N.     Joensen  ,   MD, PhD       Department of Growth and Reproduction , 
 Copenhagen University Hospital (Rigshospitalet)  ,  Copenhagen ,  Denmark     

Contributors



xiii

      Swen     Malte     John  ,   MD, PhD       Department of Dermatology, Environmental 
Medicine, Health Theory ,  University of Osnabrueck  ,  Osnabrueck ,  Germany     

      Jakob     Mutanu     Jungersted  ,   MD, PhD       Department of Dermatology , 
 Roskilde Hospital  ,  Roskilde ,  Denmark     

      Sanja     Kezic  ,   PhD       Coronel Institute of Occupational Health , 
 Academic Medical Center  ,  Amsterdam ,  The Netherlands     

      Susanne     K.     Kjaer  ,   MD, DMSc       Unit of Virus, Lifestyle and Genes , 
 Gynecologic Clinic, Juliane Marie Centre, Rigshospitalet, and Danish 
Cancer Research Center  ,  Copenhagen ,  Denmark     

      Yasuo     Kubota  ,   MD, PhD       Department of Dermatology , 
 Kagawa University  ,  Kita-gun, Kagawa ,  Japan     

      Sarah     Küchler  ,   PhD       Department of Pharmaceutical Sciences, 
Pharmacology/Toxicology ,  Freie Universität Berlin  ,  Berlin ,  Germany     

      Ming     Li  ,   MD       Department of Dermatology ,  Xinhua Hospital, 
Shanghai Jiao Tong University  ,  Shanghai ,  China     

      Anne     Sofi e     Lund  ,   MD       Department of Neuroscience and Pharmacology , 
 Eye Pathology Institute, University of Copenhagen  ,  Copenhagen ,  Denmark     

      Howard     I.     Maibach  ,   MD       Department of Dermatology , 
 University of California, San Francisco  ,  San Francisco ,  CA ,  USA     

      Michael     Meldgaard  ,   MS, PhD       Department of Clinical Biochemistry , 
 Gentofte Hospital, University of Copenhagen  ,  Hellerup ,  Denmark     

      Torkil     Menné  ,   MD       Department of Dermatology, KA-1502 , 
 Gentofte Hospital, University of Copenhagen  ,  Hellerup ,  Denmark     

      Kozo     Nakai  ,   MD, PhD       Department of Dermatology , 
 Kagawa University  ,  Kita-gun, Kagawa ,  Japan     

      Morten     M.     Nielsen  ,   MS       Department of International Health, Immunology 
and Microbiology ,  University of Copenhagen  ,  Copenhagen ,  Denmark     

      Amy     S.     Paller  ,   MD       Department of Dermatology ,  Feinberg School 
of Medicine, Northwestern University  ,  Chicago ,  IL ,  USA     

      Anne     Marie     Lynge     Pedersen  ,   PhD, DDS       Section of Oral Medicine, 
Clinical Oral Physiology, Oral Pathology and Anatomy, 
Department of Odontology, Faculty of Health and Medical Sciences , 
 University of Copenhagen  ,  Copenhagen ,  Denmark     

      Jesper     Reibel  ,   PhD       Department of Odontology, Faculty of Health 
and Medical Sciences ,  University of Copenhagen  ,  Copenhagen ,  Denmark     

      Karin     Sartorius  ,   MD, PhD       Department of Dermatology , 
 Södersjukhuset  ,  Stockholm ,  Sweden   

  Section of Dermatology, Department of Clinical Science and Education , 
 Karolinska Institutet, Södersjukhuset  ,  Stockholm ,  Sweden     

Contributors



xiv

      Jens-Michael     Schröder  ,   PhD       Department of Dermatology , 
 University Hospital of Schleswig-Holstein  ,  Schleswig-Holstein ,  Germany     

      Marie-Louise     A.     Schuttelaar  ,   MD, PhD       Department of Dermatology , 
 University Medical Centre Groningen  ,  Groningen ,  The Netherlands     

      Lone     Skov  ,   MD, PhD       Department of Dermato-Allergology , 
 Gentofte Hospital, Copenhagen University  ,  Hellerup ,  Denmark     

      Jonathan     M.     Spergel  ,   MD, PhD       Allergy Section, 
Division of Allergy and Immunology ,  The Children’s 
Hospital of Philadelphia  ,  Philadelphia ,  PA ,  USA     

      Katleen     F.    E.     Van     Steendam  ,   PhD, PharmD       Laboratory for 
Pharmaceutical Biotechnology ,  University Ghent  ,  Ghent ,  Belgium     

      David     L.     Stenoien  ,   PhD       Biological Sciences Division , 
 Pacifi c Northwest National Laboratory  ,  Richland ,  WA ,  USA     

      Gunnaporn     Suriyaphol  ,   DVM, MSc, Dr. rer. nat.       Biochemistry Unit, 
Department of Veterinary Physiology ,  Faculty of Veterinary Science, 
Chulalongkorn University  ,  Pathumwan ,  Thailand     

      Prapat     Suriyaphol  ,   BSc, PhD       Bioinformatics and Data Management 
for Research Unit, Offi ce for Research and Development , 
 Faculty of Medicine, Siriraj Hospital, Mahidol University  , 
 Bangkoknoi ,  Thailand     

      Pal     B.     Szecsi  ,   MD, DMSci       Department of Clinical Biochemistry , 
 Gentofte Hospital, University of Copenhagen  ,  Hellerup ,  Denmark     

      Sreya     Talasila  ,   BS       Department of Dermatology ,  Feinberg School 
of Medicine, Northwestern University  ,  Chicago ,  IL ,  USA     

      Hern     Tze     Tina     Tan  ,   PhD       School of Medical Sciences, Health Campus , 
 Universiti Sains Malaysia  ,  Kota Bharu ,  Malaysia     

      Mark     B.    Y.     Tang  ,   MBBS, MMED, FRCP (UK), FAMS       Department of 
Dermatology ,  National Skin Centre  ,  Singapore ,  Singapore     

      Sirin     Theerawatanasirikul  ,   DVM, PhD       Department of Anatomy , 
 Faculty of Veterinary Medicine, Kasetsart University  ,  Chatuchak ,  Thailand     

      Simon     F.     Thomsen  ,   MD, PhD       Department of Dermatology , 
 Bispebjerg Hospital  ,  Copenhagen ,  Denmark     

      Andreas     P.     Thyssen  ,   BS, MD       Internal Medicine/Pediatrics , 
 Maine Medical Center  ,  Portland ,  ME ,  USA     

      Erik     P.     Thyssen  ,   MD       Specialists in Gastroenterology ,     Olde Cabin Road , 
 St. Louis ,  MO ,  USA     

      Jacob     P.     Thyssen  ,   MD, PhD, DmSci       Department of Dermato-Allergology, 
National Allergy Research Centre ,  Gentofte Hospital, University of 
Copenhagen  ,  Hellerup ,  Denmark     

Contributors



xv

      Teresa     Tsakok  ,   MA, BM, BCh (Oxon)       Core Medical Trainee/NIHR 
Academic Clinical Fellow ,  St. John’s Institute of Dermatology, Guy’s and 
St. Thomas’ Hospitals NHS Foundation Trust  ,  London ,  UK     

      Wolfgang     J.    C.     Uter  ,   MD       Department of Medical Informatics, 
Biometry and Epidemiology ,  University of Erlangen/Nürnberg  , 
 Erlangen ,  Germany     

      Christian     Vestergaard  ,   MD, PhD, DMSc       Department of Dermatology , 
 Aarhus University Hospital  ,  Aarhus C ,  Denmark     

      Maaike     J.     Visser  ,   BS       Coronel Institute of Occupational Health , 
 Academic Medical Centre  ,  Amsterdam ,  The Netherlands     

      Tatiana     A.     Vogel  ,   MD       Department of Dermatology , 
 University Medical Centre Groningen  ,  Groningen ,  The Netherlands     

      Marten     C.    G.     Winge  ,   MD, PhD       Department of Dermatology, 
Program in Epithelial Biology ,  Stanford University  ,  Stanford ,  CA ,  USA     

      Zhirong     Yao  ,   MD       Department of Dermatology ,  Xinhua Hospital, 
Shanghai Jiao Tong University  ,  Shanghai ,  China     

      Kozo     Yoneda  ,   MD, PhD       Department of Dermatology , 
 Kagawa University  ,  Kita-gun, Kagawa ,  Japan     

      Claus     O.    C.     Zachariae  ,   MD, DMSci       Department of Dermato-Allergology , 
 Gentofte Hospital, Copenhagen University  ,  Hellerup ,  Denmark     

      Hui     Zhang  ,   MD       Department of Dermatology ,  Xinhua Hospital, 
Shanghai Jiao Tong University  ,  Shanghai ,  China      

Contributors



   Part I 
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1.1            Background 

 The skin is a highly specialized, complex, and 
effi cient barrier that prevents loss of water from 
the body and ingress of exogenous compounds 
and pathogens into the body. The skin barrier 
function is primarily conferred by the outermost 
layer of the epidermis, stratum corneum (SC), in 
particular by its lipid component. SC is com-
posed of fl attened, terminally differentiated kera-
tinocytes (corneocytes), which are embedded in a 
lipid matrix that creates the highly ordered lipid 
lamellae. Filaggrin is present in different com-
partments of the SC. The precursor of fi laggrin, 
pro-fi laggrin, is present in the stratum granulo-
sum, whereas fi laggrin is expressed in the corni-
fi ed envelope and within the corneocytes. 

 A major emphasis for fi laggrin has histori-
cally been placed on its role in the aggregation of 
intermediate keratin fi laments within the corneo-
cytes, ensuring mechanical integrity of the SC 
and as a main source of hygroscopic components, 
comprising the “natural moisturizing factors” 
(NMFs) [ 1 ]. The breakthrough discovery of the 
loss-of- function mutations in the fi laggrin gene 
( FLG ) and their importance for the development 
of ichthyosis vulgaris (IV) and atopic dermatitis 
(AD) initiated a cascade of studies aiming to elu-
cidate the underlying mechanisms and functional 
consequences of decreased fi laggrin expression 
for the skin barrier and immune aberrations in 
AD. Novel molecular biology technologies and 
in vitro and animal models of fi laggrin defi ciency 
provided a body of evidence that fi laggrin itself, 

        S.   Kezic ,  PhD      
  Coronel Institute of Occupational Health , 
 Academic Medical Center ,   Meibergdreef 15 , 
 Amsterdam   1105 AZ ,  The Netherlands   
 e-mail: s.kezic@amc.uva.nl  

  1      Function of Filaggrin 
and Its Metabolites 

           Sanja     Kezic     
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but also its precursor pro-fi laggrin, and degrada-
tion products interact with relevant structures and 
biological processes crucial for the homeostasis 
of the SC. In this chapter, recent knowledge on 
the main functions of fi laggrin will be high-
lighted, addressing the key players in the pro-
cessing and degradation of this unique protein as 
well as discussing their relevance to biological 
processes crucial for the maintenance of SC 
homeostasis.  

1.2     Pro-Filaggrin and Pro- 
Filaggrin Processing 

 Pro-fi laggrin is expressed as a giant, highly phos-
phorylated polyprotein that is present in the kera-
tohyalin granules localized in the outer nucleated 
layers of the epidermis, the stratum granulosum 
[ 1 – 5 ]. Carriers of the  FLG  mutations show com-
plete absence of the keratohyalin granules [ 2 ,  3 ]. 
Pro-fi laggrin contains 10–12 fi laggrin repeats 
fl anked by an S100-type calcium-binding 
domain, two domains at the N-terminus and 
C-terminal domain [ 2 ,  3 ]. The S100-type domain 
contains two distinct calcium-binding sites and is 
suggested to play a role in the regulation of 
calcium- dependent events during epidermal dif-
ferentiation [ 1 – 5 ]. The N-terminal domain has 
been shown to translocate to the nucleus, where it 
might have a signaling function during terminal 
epidermal differentiation [ 1 ]. The function of the 
C-terminal domain is unknown; however, its 
presence is important for pro-fi laggrin stability 
and proteolytic processing of pro-fi laggrin to 
functional fi laggrin monomers [ 1 ]. 

 During terminal differentiation, pro-fi laggrin 
is rapidly dephosphorylated and cleaved to yield 
functional fi laggrin monomers, which bind to and 
assemble keratin intermediate fi laments [ 1 – 5 ]. 
Dissociation of fi laggrin from keratin fi laments 
mediated by peptidyl arginine deiminase is an 
essential step for further degradation of fi laggrin 
into free amino acids. Cleavage of deiminated fi l-
aggrin monomers is catalyzed by several prote-
ases, including caspase 14 [ 6 ], calpain 1, and 
bleomycin hydrolase [ 7 ]. As shown by in vivo 
Raman spectroscopy and biochemical analysis, 

the levels of fi laggrin degradation products are 
signifi cantly reduced in caspase 14-defi cient mice 
compared with wild-type mice, although pro-fi l-
aggrin was fully processed to fi laggrin [ 8 ]. The 
importance of fi laggrin cleavage is underscored 
by the remarkably short half-life of fi laggrin, spe-
cifi cally, only 6 h before full proteolysis [ 4 ,  9 ].  

1.3     Filaggrin and Skin Barrier 
Function 

 Filaggrin monomers aggregate and align keratin 
bundles, contributing to the mechanical strength 
and integrity of the SC [ 1 ]. This has been sup-
ported by recent studies in  FLG -KO mice (Flg-/
Flg-) showing immature bundles and an aberrant 
network of keratin fi laments in upper parts of the 
SG and loss of the keratin pattern in the lower SC 
[ 10 ]. However, as the barrier function largely 
depends on the composition and structural orga-
nization of the lipid extracellular matrix of the 
SC, the question arose whether and by which 
mechanisms fi laggrin defi ciency affects the bar-
rier function. Initial studies in a fi laggrin- defi cient 
fl aky tail ( ft / ft ) mice model demonstrated abnor-
malities in barrier function in absence of fi laggrin 
[ 11 ,  12 ]. Penetration of water-soluble tracers was 
enhanced through the SC of  ft / ft  mice as com-
pared to wild-type mice and occurred through the 
extracellular lipid matrix. As supported by ultra-
structural analysis, the penetration-enhancing 
effect was assigned by a partial failure of lamellar 
body secretion. Importantly, the barrier abnor-
mality correlated with reduced infl ammatory 
thresholds to topical irritants and haptens [ 12 ]. 

 Kawasaki et al. [ 10 ] recently identifi ed prema-
ture detachment of corneocytes in the  FLG -KO 
( Flg -/ Flg -) mice that was accompanied with 
enhanced penetration of liposome-encapsulated 
calcein through the SC.  Flg -/ Flg - mice showed 
aberrant lipid composition. Interestingly, free 
fatty acid levels were normal; however, the levels 
of ceramide and cholesterol were increased, 
which is in contrast with reduced lamellar body 
secretion found in  ft / ft  mice. Similar to  ft / ft  mice 
[ 12 ],  Flg -/ Flg - mice showed increased infl amma-
tory response after exposure to a skin irritant and 
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allergen [ 10 ]. Notably, the same research group 
[ 13 ] showed in  Flg -/ Flg - mice that fi laggrin defi -
ciency affected specifi cally the lower layer of the 
SC, allowing specifi c metal ions to permeate 
viable layers. Reduced barrier function has also 
been demonstrated in two in vitro penetration 
assays in fi laggrin-defi cient skin models [ 14 ,  15 ]. 

 In contrast with animal and in vitro models of 
fi laggrin defi ciency, in vivo data on skin permea-
bility in humans are less consistent, although 
alterations in the structure of various SC compo-
nents have been reported in several studies. 
Angelova-Fischer et al. [ 16 ] reported impairment 
in SC integrity and cohesion in AD patients who 
were  FLG  mutation carriers, which is consistent 
with disorganized keratin fi laments, impaired 
lamellar body loading, and abnormal architecture 
of the lamellar bilayer found in the patients with 
ichthyosis vulgaris [ 17 ]. In the study of Jakasa 
et al. [ 18 ], non-lesional skin of AD patients 
showed higher permeability for PEG molecule of 
370 Da in comparison to healthy skin; however, 
this was irrespective of their  FLG  genotype. No 
signifi cant differences in the skin barrier between 
fi laggrin AD and non-fi laggrin AD were con-
fi rmed also in several studies measuring transepi-
dermal water loss (TEWL) [ 16 ,  19 – 21 ], and so 
far only one study [ 22 ] reported lower TEWL in 
AD patients who were  FLG  mutation carriers as 
compared to  FLG  wild-type AD patients. 

 As breakdown products of fi laggrin contribute 
to the acidic pH of the SC [ 17 ,  19 ,  23 ], which in 
turn regulates activity of various enzymes involved 
in the synthesis of SC lipids [ 24 ], several studies 
focused on the SC lipids in relation to  FLG  muta-
tions [ 16 ,  19 ,  20 ]. However, recent studies, which 
have subdivided AD patients according to their 
FLG genotype, found no signifi cant impact of 
FLG mutations on the composition or organization 
of SC lipids in non-lesional skin [ 16 ,  19 ,  20 ]. 
Though, in a study of Janssens et al. [ 20 ], the com-
position and organization of SC lipids was associ-
ated with the levels of fi laggrin breakdown 
products although there was no association with 
the  FLG  genotype. A possible explanation for the 
absence of the effect of  FLG  mutations on the SC 
lipids can be explained by other factors than  FLG  
mutations which can infl uence the fi laggrin 

expression such as  FLG  copy numbers [ 25 ] and 
infl ammation [ 26 ,  27 ]. To get more insight into the 
interplay between infl ammation, fi laggrin expres-
sion, and skin barrier function, further investiga-
tions in well- defi ned subgroups of patients and 
controls are needed. 

 While most studies focus on the SC and its 
intercellular lipid layers as a principal barrier of 
the skin, recent studies emphasize the role of 
tight junctions (TJs), which play a role in sealing 
epidermal cell-to-cell integrity. Recent studies 
have also shown that defi ciency of fi laggrin infl u-
ences TJ proteins, suggesting that there is an 
interplay of SC and TJ barriers [ 17 ,  28 ].  

1.4     Filaggrin Degradation 
Products 

 Filaggrin is a predominant source of free amino 
acids and their derivatives, contributing more 
than 50 % to total content of NMF and a complex 
mixture of hygroscopic compounds that contain 
fi laggrin degradation products as well as chloride 
and sodium ions, lactate, and urea [ 5 ,  9 ,  29 ]. NMF 
primarily exists within the corneocytes and serves 
as a humectant, contributing to a proper hydra-
tion level in the skin. By regulating the water 
content in the SC, NMF has an important func-
tion in regulating the activity of enzymes crucial 
for maintaining epidermal barrier homeostasis. 
Furthermore, components of the NMFs contrib-
ute to the plasticity of the skin through interaction 
with keratin and keratin fi laments [ 1 ,  30 ]. 

 The most abundant amino acid in fi laggrin is 
histidine, which is further enzymatically deami-
nated by histidase into  trans -urocanic acid ( t - 
UCA ).  T -UCA is a major absorber of UV 
radiation (UV-R) in the SC. Upon exposure to 
UV,  t -UCA is isomerized into a  cis -urocanic acid 
( cis -UCA), which has been shown to be (photo)
immunosuppressive [ 31 – 34 ]. Caspase 14 −/−  mice, 
which are defi cient in UCA, had increased sus-
ceptibility to UV [ 8 ,  35 ]. An interesting hypoth-
esis has recently been put forward by Thyssen 
et al. [ 36 ] that the defi ciency of UCA due to  FLG  
mutations may lead to increased penetration of 
UV-B across the epidermis, resulting in higher 
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levels of 25-OH vitamin D. In addition to its pro-
tective role against UV-R, UCA has also been 
suggested to largely contribute to the “acid man-
tle” of the skin, although this view has been chal-
lenged based on studies with histidase- and 
fi laggrin-defi cient mice showing that UCA is not 
essential for the acidifi cation of the SC pH [ 37 , 
 38 ]. However, individuals with  FLG  mutations 
showed elevated skin surface pH in a dose- 
dependent fashion, and furthermore, pH values 
were inversely correlated with the NMF levels 
[ 17 ,  19 ,  23 ]. Elevated pH might lead to altered 
activity of proteases and enzymes within the SC 
that are involved in biosynthesis of lipids, des-
quamation, and cleavage of the precursors of 
IL-1 cytokines into their active form [ 24 ]. NMF 
levels were inversely correlated with IL-1 cyto-
kine concentrations in the uninvolved skin of  
patients with moderate-to-severe AD [ 23 ]. These 
fi ndings were supported by upregulated expres-
sion of IL-1b and IL-RA in fi laggrin-defi cient 
mice (fl aky tail mice;  ft / ft ), suggesting that 
reduced fi laggrin levels might cause a preexisting 
or enhanced proinfl ammatory status in the skin, 
although causal relationship between pH and 
IL-1 cytokines still has to be elucidated [ 23 ]. The 
“acid mantle” of the SC is important for antimi-
crobial defense, and there is evidence that fi lag-
grin breakdown products at physiological 
concentrations exert an inhibitory effect on the 
growth of  Staphylococcus aureus  [ 39 ]. Thus, fi l-
aggrin defi ciency may at least partly explain fre-
quent colonization with  S. aureus  in AD patients, 
although the exact mechanisms still have to be 
elucidated. 

 Another important product of fi laggrin degra-
dation is pyrrolidone-5-carboxylic acid (PCA), 
which is derived from glutamine and glutamic 
acid. PCA is a highly hygroscopic compound and 
the most abundant single constituent of NMF 
(contributing for more than 10 %) [ 1 ,  9 ,  29 ]. 

 In vivo studies based on Raman confocal 
microscopy showed that the carriers of  FLG  null 
mutations have reduced NMF levels as compared 
to noncarriers [ 21 ,  40 ]. This was confi rmed also 
by biochemical analysis of PCA and UCA in the 
SC samples collected by adhesive tape in children 
with and without  FLG  mutations [ 26 ]. In a large 

cohort of AD patients, O’Regan et al. showed that 
the number of  FLG  mutations was suffi ciently 
strong to discriminate three endophenotypes 
within AD [ 21 ]. In addition to  FLG  loss-of- 
function mutations, Brown et al. [ 25 ] showed 
recently that also intragenic copy number varia-
tions (CNVs) in the  FLG  are related to the UCA 
levels. The frequencies of CNV have been identi-
fi ed in Irish children as a risk factor for AD in a 
dose-dependent fashion. In addition to genetic 
variations, reduced fi laggrin expression can be 
acquired likely due to the T H 2 cytokine milieu in 
AD [ 27 ]. Filaggrin expression was lower in 
patients with AD regardless of the  FLG  genotype, 
and furthermore, T H 2 cytokines downregulated 
 FLG  expression in differentiated keratinocytes 
[ 27 ]. This is consistent with the reduced levels of 
NMFs found in AD patients  who are wild-type    
for  FLG  mutations as compared to wild-type 
healthy individuals [ 20 ,  26 ,  41 ,  42 ]. Severity of 
the disease was shown to signifi cantly infl uence 
NMF levels in the SC, although the fi laggrin gen-
otype remains a major determinant of NMFs in 
the SC [ 26 ,  41 ,  42 ]. Interestingly, it has been 
shown recently that the levels of NMF in the SC 
are associated with altered composition and struc-
ture of SC lipids [ 20 ,  42 ], although a relationship 
between lipid changes and the fi laggrin genotype 
could not be demonstrated. This points to the 
importance of acquired defi ciency of fi laggrin on 
the skin barrier.  

    Conclusion 

 In summary, several lines of evidence show 
that fi laggrin, its precursor pro-fi laggrin, and 
degradation products interfere with key pro-
cesses and structures in the SC. Some of these 
effects are due to the fi laggrin molecule itself 
(e.g., defi ciency of fi laggrin affects alignment 
of keratin bundles). In addition, defi ciency of 
fi laggrin leads to a variety of downstream 
effects that can be ascribed to reduced levels of 
its degradation products. Filaggrin breakdown 
products regulate skin hydration and, further-
more, contribute to the acidic pH of the skin, 
which in turn is crucial for the activity of vari-
ous SC proteases involved in desquamation 
and lipid synthesis. A clearer understanding of 
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the mechanisms by which fi laggrin defi ciency 
leads to skin barrier failure can help in identi-
fying environmental risk factors for AD and 
improve therapeutic possibilities in combating 
this common infl ammatory disease.     
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        In fi laggrin-depleted epidermis, the amount of the 
protein fi laggrin is more or less reduced, which 
leads to multiple morphological changes mainly in 
the stratum granulosum (SG) and stratum corneum 
(SC) and consequently to abnormalities in epider-
mal permeability barrier function [ 1 ]. The correla-
tion between fi laggrin defi ciency and barrier 
abnormality can primarily be investigated in ich-
thyosis vulgaris (IV), the most prevalent disorder of 
cornifi cation in humans, which is characterized by 
the postnatal onset of a generalized fi ne scaling 
phenotype, and associated with palmoplantar 
hyperlinearity, keratosis pilaris, and atopic dermati-
tis (AD) [ 2 – 6 ], because this skin disease is caused 
by loss-of- function mutations in the fi laggrin gene 
( FLG ) [ 7 ]. Mutations result in a truncated pro-fi lag-
grin protein, which is not further processed into 
functional fi laggrin monomers [ 8 ]. In IV, which is 
inherited in a semidominant way, phenotype sever-
ity appears to be subject to a dose effect, wherein 
heterozygous patients show a milder phenotype 
with reduced fi laggrin, whereas homozygous or 
compound heterozygous  FLG  mutation carriers 
typically lack fi laggrin and exhibit a more severe 
scaling phenotype with a greater predisposition for 
early development and more severe AD [ 7 – 11 ]. As 
approximately 25 % of individuals with AD also 
display  FLG  mutations [ 12 ,  13 ], the contribution of 
fi laggrin defi ciency to an abnormal barrier function 
was also assessed in AD [ 14 ]; however, a bias due 
to Th2- dominant infl ammation, which secondarily 
compromises barrier function by multiple mecha-
nisms [ 15 ], including an acquired reduction in fi l-
aggrin, cannot be excluded [ 16 – 18 ]. Furthermore, 
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for investigating the morphology of fi laggrin- 
depleted epidermis, two mouse models, the fi lag-
grin null mouse, in which  fl g  is knocked out [ 19 ], 
and the fl aky tail mouse, which bears a distal 
frameshift mutation in the profi laggrin gene lack-
ing processed murine  fl g  [ 20 ], however, the latter 
mouse in addition carries the  Tmem79/Matt  gene 
causing spontaneous dermatitis and atopy [ 21 ]. 

 During keratinocyte differentiation, pro- fi laggrin, 
which is the main component of F-type keratohyalin 
granules defi ning the SG, is dephosphorylated and 
cleaved by proteases (matriptase) into C-terminal 
fi laggrin monomers, which are aggregating keratin 
fi laments in the cytoplasm of early corneocytes, 
resulting in a fl attening of the cells [ 22 ]. In parallel, 
beginning in the SG, the cornifi ed envelope (CE) is 
formed at the inner plasma membrane of the kerati-
nocytes as involucrin, fi laggrin monomers, loricrin, 
trichohyalin, elafi n, small proline-rich proteins, pla-
kins, and additional structural proteins become 
cross- linked by calcium-dependent glutaminases 
[ 23 – 25 ]. The outcome of this is a rigid structure sur-
rounding the corneocytes that provides mechanical 
resistance against keratolytics, organic solvents, and 
microorganisms [ 23 ]. Attached to the external site of 
the CE is the corneocyte lipid envelope, which is an 
omega-hydroxyceramide- rich monolayer serving as 
an initial scaffold for the lipids secreted by lamellar 
bodies (LBs) and assisting the organization of the 
extracellular lamellar bilayers [ 26 ,  27 ]. The hydro-
phobic extracellular matrix, together with the cohe-
sive properties of specialized intercellular junctions 
in SC and SG (i.e., corneodesmosomes [CDs] and 
tight junctions [TJs]), provides the epidermis with a 
formidable barrier to the outward loss of water and 
electrolytes, while also blocking transcutaneous 
entry of exogenous xenobiotics [ 16 ,  28 ,  29 ]. 

2.1     Sparse Infl ammatory 
Infi ltrates, Decreased 
Stratum Corneum Hydration, 
and Increased Skin Surface 
pH in FLG-Depleted 
Epidermis 

 Filaggrin proteolysis regulates SC hydration [ 30 ] 
and likely also contributes to the acidifi cation of 
normal SC [ 31 ,  32 ]. Accordingly, SC hydration 

declines by about 30 % in  FLG  double-allele 
mutant individuals in comparison to wild-type 
controls, but reductions in hydration levels do 
not achieve statistical signifi cance in single-allele 
mutant subjects [ 1 ,  33 ]. By steepening the gra-
dient of water loss across the SC, decreased SC 
hydration alone likely also places further stress 
on the permeability barrier in IV. Decreased SC 
hydration correlated with the development of a 
sparse infl ammatory infi ltrate in double-allele 
mutant subjects, which is enriched in mast cells 
[ 1 ]. This confi rms prior studies showing that 
prolonged exposure of normal skin to reduced 
environmental humidity stimulates mast cell 
infi ltration [ 34 ]. Furthermore, fi laggrin-depleted 
epidermis displays an increase in skin surface 
pH as a consequence of a reduction in fi laggrin 
metabolites such as polycarboxylic acids, includ-
ing  trans -urocanic acid and pyrrolidone carbox-
ylic acid, which impart most of the hygroscopic 
properties that underlie SC hydration (see Chap. 
  1    ) [ 1 ,  20 ,  35 – 37 ]. In IV patients, an inverse rela-
tionship between fi laggrin dose and skin surface 
pH is verifi able, with double-allele mutant sub-
jects displaying the greatest elevations in skin 
surface pH [ 1 ]. However, in a recent study, skin 
pH was not signifi cantly different in IV patients 
versus normal controls, but this is most likely due 
to power limitations [ 33 ].  

2.2     Distinctive Corneocyte 
Abnormalities and Altered 
Epidermal Homeostasis 
in FLG-Depleted Epidermis 

 In the pre-genotype era, a reduced or absent SG, 
which can be detected by histology, immuno-
histochemistry (IHC), and electron microscopy, 
has already been requested as a main diagnos-
tic criteria for IV [ 38 – 41 ]; however, today fur-
ther graduation is feasible as reductions in 
fi laggrin are allele-dose-dependent [ 1 ]. Loss of 
fi laggrin causes an absence to near-absence of 
F-type keratohyalin granules in patients with 
double-allele mutations, with residual granules 
and fi laggrin expression in single-allele muta-
tion carriers (Fig.  2.1a ). However, in rare cases, 
even individuals with two mutated alleles can 

R. Gruber

http://dx.doi.org/10.1007/978-3-642-54379-1_1


11

exhibit remaining keratohyalin granules [ 10 ]. 
On electron microscopy, residual F-type kera-
tohyalin granules appear crumbly [ 41 ,  42 ]. In 
addition, keratinocytes of the SG of fi laggrin-
depleted epidermis display a distinctive cytoskel-
etal abnormality (i.e., perinuclear halos resulting 
from retraction of keratin intermediate fi laments) 
(Fig.  2.2 ) [ 1 ], but throughout the remaining cor-
neocyte, cytosol keratin intermediate fi lament 
organization appears normal. This suggests that 
low amounts of fi laggrin are suffi cient for normal 
keratin aggregation or that other fi laggrin-like 
proteins can replace the keratin binding function 
of fi laggrin. Most likely because of a compen-
satory repair mechanism, reduction or loss of 
fi laggrin correlates with epidermal hyperplasia. 
An increased number of SC cell layers, which his-
tologically becomes apparent in an orthohyper-
keratotic or basket-weave-like SC (see Fig.  2.1a ) 
[ 43 ], and a higher number of suprabasal, Ki-67-
positive cells are seen in double-allele mutant IV 
(see Fig.  2.1d ); however, the proliferation rate 

is much lower compared to lamellar ichthyosis 
or psoriasis. With the exception of reduced fi l-
aggrin, other differentiation markers, such as 
loricrin and keratin 10, do not differ in fi laggrin-
defi cient versus control epidermis (see Fig.  2.1b , 
c). In summary,  FLG  mutations result in a char-
acteristic cytoskeletal abnormality, as well as 
altered epidermal homeostasis.

2.3         Defective Corneocyte 
Integrity in Filaggrin- 
Depleted Stratum Corneum 

 Ultrastructurally, the corneocyte cytosol, the 
structure of the CE, and the morphology of 
the corneocyte lipid envelope appear normal in 
fi laggrin- depleted epidermis, although fi laggrin is 
a component of the CE. Yet, CE dimensions, mea-
sured in coded, randomized electron  micrographs, 
are moderately decreased in both single- and 
double-allele fi laggrin-defi cient versus wild-type 

FLGa b c dLOR K10 Ki-67

  Fig. 2.1    Allele-dose-dependent reductions in fi laggrin 
and epidermal hyperplasia in fi laggrin-depleted epidermis. 
( a ) Whereas in wild types (wt/wt) fi laggrin staining in the 
SG is normal, in heterozygote individuals it is reduced, 
and in double-allele mutant IV subjects it is missing. ( b ) 
No differences in loricrin ( LOR ) expression between wt/wt, 

fi laggrin gene ( FLG ) heterozygotes, and double-allele 
mutant IV. ( c ) No differences in keratin 10 ( K10 ) expres-
sion between all three groups. ( d ) While overall Ki-67 
staining is not increased, Ki-67-positive cells extend into 
suprabasal layers in both single- and double-allele mutant 
IV subjects. Immunohistochemistry. Mag = 400×       
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corneocytes [ 1 ]. Thinning of CEs in IV corneo-
cytes correlates with a moderate, gene dose-
dependent impairment in corneocyte integrity, 
which is more subtle than the abnormality previ-
ously described for TGM1-defi cient, autosomal 
recessive lamellar ichthyosis [ 44 ]. Specifi cally, 
in contrast to control corneocytes, which are not 
disrupted (Fig.  2.3a ), a subgroup of corneocytes 
from IV subjects displays ragged, fragile out-
lines after detergent and heat (2 % SDS, 80 °C) 

treatment (see Fig.  2.3b , c). Higher percent-
ages of fragile corneocytes are most obvious in 
individuals with double-allele mutations (see 
Fig.  2.3c ) [ 1 ]. Moreover, the time to corneocyte 
disruption upon ultrasound treatment is signifi -
cantly decreased in double-allele mutant IV as 
compared to wild type; however, differences are 
not signifi cant between single-allele mutant IV 
and controls [ 1 ]. Thus, despite normal-appear-
ing corneocytes, fi laggrin-defi cient corneocytes 

a b

c d

  Fig. 2.2    Cytoskeletal abnormalities in fi laggrin-depleted 
epidermis. As compared to control subjects (wt/wt) ( a ), 
intermediate fi lament retractions and reductions in F-type 
keratohyalin are visible in keratinocytes of fi laggrin-defi cient 

epidermis ( b – d ).  Arrows  and  asterisks  depict perinuclear 
keratin intermediate fi lament retraction.  N  nucleus. ( a ,  b ) 
Toluidine blue staining. Mag bar = 20 μm. ( c ,  d ) Osmium 
tetroxide post-fi xation. Mag bars = 0.2 μm       
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display gene dose-dependent alterations in 
CE structure that result in reduced corneocyte 
integrity.

2.4        Impaired Epidermal 
Permeability Barrier 
Function Due to Increased 
Paracellular Permeability 
in Filaggrin-Depleted 
Epidermis 

 Basal permeability barrier function is impaired in 
fi laggrin-depleted epidermis compared to normal 
skin, as there is an increased transepidermal 
water loss (TEWL) and a decreased SC hydra-
tion; however, differences are only signifi cant in 
double-allele mutant IV compared to nonmuta-
tion carriers, but not in single-allele mutant IV 

[ 1 ,  33 ,  45 ]. Moreover, barrier recovery after acute 
barrier disruption by tape stripping is signifi -
cantly delayed in both single- and double-allele 
mutant subjects [ 1 ]. This shows that fi laggrin 
defi ciency alone without coexistent AD suffi ces 
to alter permeability barrier function. 

 In all of the inherited disorders of corneocyte 
proteins to date, increased permeability occurs 
via a paracellular rather than transcellular path-
way, due to abnormalities in either corneocyte 
scaffold function or cytoskeletal disruption of 
LB secretion [ 46 ]. Equally, fi laggrin-depleted 
epidermis shows an extracellular permeability 
impairment, which can be demonstrated by the 
perfusion pathway of lanthanum nitrate, a water- 
soluble, electron-dense tracer. Lanthanum tracer 
normally is excluded from both the corneocyte 
cytosol and the SC extracellular matrix in non-
mutation carriers (Fig.  2.4a ). In contrast, despite 

a

c

b

  Fig. 2.3    Impaired corneocyte integrity in fi laggrin-
depleted epidermis. Whereas after detergent and heat 
treatment (2 % SDS, 80 °C) corneocytes show a normal 
rigid outline ( CEr ) in wild-type (wt/wt) individuals ( a ), 

higher percentages of ragged, fragile corneocytes ( CEf ) 
are verifi able in single-allele ( b ) and double-allele mutant 
individuals ( c ). Phase microscopy. Mag = 100×       
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the abnormalities in CE structure and integrity 
described above, tracer breaches SG-SC inter-
face and permeates into and through the SC in 
both single- and double-allele mutant IV sub-
jects, with passage entirely restricted to extracel-
lular domains (see Fig.  2.4b ) [ 1 ]. Furthermore, 
in fi laggrin- defi cient organotypic skin cultures, 

generated from keratinocytes transfected with 
two different small interfering ribonucleic acids 
(siRNAs) [ 47 ], as well as in organotypic human 
cultures, prepared with keratinocytes from sin-
gle- and double-allele mutant IV, lanthanum 
tracer again displays movement into and across 
the SC solely via the extracellular pathway (see 

a

c

d e

b  Fig. 2.4    Paracellular barrier 
defect in fi laggrin-depleted 
epidermis. While lanthanum 
nitrate tracer is excluded 
from both the corneocyte 
cytosol and the extracellular 
matrix of the SC in control 
subjects (wt/wt) ( a ), tracer 
breaches SG-SC interface in 
both single- (not shown) and 
double-allele mutant IV 
patients and crosses SC by a 
paracellular route ( b ). ( c ) 
Stop of tracer perfusion at 
the SG-SC interface in 
organotypic skin cultures 
transfected with a scrambled 
(scr)RNA. ( d ,  e ) Filaggrin-
defi cient cultures (two 
different siRNAs) display 
lanthanum movement into 
and across the SC via the 
paracellular pathway. 
 Curved arrows  indicate 
(outward) direction of tracer 
movement.  Small arrows  
mark colloidal lanthanum 
nitrate in the extracellular 
space. Osmium tetroxide 
post-fi xation. Mag 
bars = 0.5 μm       
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Fig.  2.4d , e), whereas in scrambled ribonucleic 
acid and nonmutation human control cultures, 
tracer is excluded from the SC (see Fig.  2.4c ) [ 1 ], 
confi rming that fi laggrin defi ciency alone suf-
fi ces to provoke a barrier abnormality.

   Flaky tail mice display an increased bidirec-
tional paracellular permeability of water-soluble 
xenobiotics due to impaired secretion of LBs and 
altered SC extracellular membranes and decreased 
thresholds to the development of an AD-like der-
matosis following exposure to haptens or aller-
gens [ 48 ,  49 ], which could explain the enhanced 
risk of atopic diathesis in IV [ 50 ,  51 ].  

2.5     Abnormal Extracellular 
Lamellar Bilayer Architecture 
Due to Impaired Loading 
of Secretory Cargo Within 
Lamellar Bodies 
and Nonuniform 
Extracellular Dispersion 
of Secreted Contents in 
FLG-Depleted Stratum 
Corneum 

 Detailed analysis on electron microscopy using 
reduced osmium and ruthenium tetroxide post- 
fi xation reveals impairment of the supramolecu-
lar organization of lamellar bilayers as causal for 
the altered paracellular permeability in IV [ 1 ]. 
Whereas in normal SC mature processed lamel-
lar bilayers replace newly secreted membrane 
structures one cell layer above the SG-SC inter-
face (Fig.  2.5a ), in fi laggrin-depleted SC lamellar 
bilayer organization is disrupted by foci of non- 
lamellar, amorphous material in the mid-to-upper 
SC (see Fig.  2.5b ); however, the overall quantities 
of lamellar bilayers are reduced nonsignifi cantly 
in control subjects versus IV patients. Moreover, 
in double-allele mutant IV subjects and the major-
ity of heterozygous IV patients, there is delayed 
maturation of extracellular lamellar bilayers as 
incompletely processed immature lamellar mate-
rial persists several cell layers above the SG-SC 
interface (see Fig.  2.5c , d) [ 1 ]. Although the den-
sity of LBs appears almost normal in fi laggrin-
depleted epidermis, many organelles display 

microvesicular or amorphous internal contents 
(Fig.  2.6c , d), suggesting a defective loading of 
LBs. In parallel, foci of non-lamellar, vesicular 
contents replace normal lamellar bilayers at the 
SG-SC interface (see Fig.  2.6a , b). Furthermore, 
fi laggrin-depleted epidermis exhibits abnormali-
ties in the extracellular dispersion of secreted LB 
contents, assessed as distribution of acid lipase, 
an ultrastructural marker of LB contents/secretion 
[ 1 ,  52 ]. Compared to normal epidermis, where 
acid lipase is concentrated initially within LBs, 
and then secreted in toto, followed by an uniform 
dispersion within the SC interstices (Fig.  2.7a ), 
acid lipase is distributed nonuniformly within the 
extracellular spaces in IV subjects (see Fig.  2.7b ); 
however, in the latter, both total contents and secre-
tion of enzyme activity appear near- normal. Yet, 
quantitative measurements only show a reduction 
in LB secretion in  FLG  double-allele mutants, but 
not in single-allele IV [ 1 ]. The abovementioned 
increase in skin surface pH in IV could reduce 
the activity of ceramide- generating hydrolases 
(in particular, beta- glucocerebrosidase and acid 
sphingomyelinase require acidic pH optima) [ 53 ,  54 ], 
accounting for the observed delay in maturation 
of extracellular lamellar bilayers in FLG-depleted 
skin. In summary, the abnormalities in extracel-
lular lamellar bilayer structure in IV likely refl ect 
impaired loading of secretory cargo within LBs, 
followed by faulty, post-secretory dispersion of 
organelle contents.

2.6          Defective Corneocyte 
Cohesion Based 
on Decreased 
Corneodesmosome 
Density and Length and 
Abnormalities in Tight 
Junction Protein Expression 
in FLG-Depleted Epidermis 

 Impairment of the epidermal permeability barrier 
is not only caused by abnormal extracellular 
lamellar bilayer architecture but also a result of 
altered cohesive properties of the intercellular 
junctions in the SC and SG. SC cohesion, which 
is commonly measured by the amount of protein 
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removed per strip by sequential tape stripping, is 
decreased in IV patients in an  FLG  mutation 
dose-dependent way [ 1 ]. Ultrastructurally, this 
goes together with reduced density of CDs and a 
signifi cantly diminished CD length in fi laggrin- 
depleted SC compared to nonmutation carriers; 
however, the structure of individual CDs appears 
normal [ 1 ]. In addition, there is evidence for an 
impaired TJ formation shown by abnormal 
expression and localization of TJ proteins in 
fi laggrin- depleted epidermis. While in immuno-
fl uorescence stainings of normal epidermis a 

clear staining at the cell-cell borders of the upper-
most living cell layers is observed for both occlu-
din and ZO-1 (Fig.  2.8a , b), staining is reduced 
with a more cytoplasmic pattern in FLG single- 
allele mutant (see Fig.  2.8c , d) and almost com-
pletely lost in double-allele mutant skin (see 
Fig.  2.8e , f) [ 1 ]. The abovementioned increased 
skin pH in fi laggrin-depleted SC could also 
impact SC function by altering TJ function and 
by favoring CD proteolysis, which could further 
compromise barrier function [ 55 ].

a

b

c d

  Fig. 2.5    Abnormal extracellular lamellar bilayer organiza-
tion and delayed maturation in fi laggrin-depleted epidermis. 
( a ) Normal lamellar bilayers ( arrows ), corneodesmosomes 
(CDs) ( double - arrows ), and CD-derived lacunae ( asterisks ) 
in wild-type controls (wt/wt). ( b ) Normal numbers of bilayers 
( arrows ), but disruption of membrane arrays by  non- lamellar 

domains ( asterisks ) in double-allele mutant IV subjects. 
( c ,  d ) Delayed transformation of secreted lamellar body 
contents into bilayers above the SG-SC interface ( asterisks ). 
Note that CD structure ( double - arrows ) appears normal. 
Ruthenium tetroxide post-fi xation. Mag bars = 0.25 μm 
( a – c ); 0.2 μm ( d )       
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a

b

c d

  Fig. 2.6    Defective lamellar body (LB) contents in LB 
secretory system in fi laggrin-depleted epidermis. ( a ,  b ) 
Non- lamellar (vesicular) contents at the SG-SC interface 

( asterisks ). ( c ,  d ) Non-lamellar (vesicular) contents ( aster-
isks ) in single LBs, suggesting defective loading of organelle 
contents. Osmium tetroxide post-fi xation. Mag bars = 0.2 μm       
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a

b

  Fig. 2.7    Nonuniform secretion of LB-derived hydro-
lytic enzymes in fi laggrin-depleted epidermis. ( a ) In 
wild-type controls (wt/wt) acid lipase, a marker of the 
extent and distribution of lamellar body (LB)-derived 
enzyme contents, is concentrated initially within LBs 
(black granular label), and then secreted in toto, fol-
lowed by a uniform dispersion within the SC inter-

stices ( arrowheads  at the SG-SC interface,  solid 
arrows  = enzyme activity in SC extracellular domains). 
( b ) Although both total contents and secretion of hydro-
lase activity to the SC interstices appears near-normal in 
all IV subjects, enzyme activity is distributed nonuni-
formly within the SC interstices. Osmium tetroxide post 
fi xation. Mag bars = 0.5 μm       
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Occl ZO-1

a b

c d

e f

  Fig. 2.8    Abnormalities in TJ 
protein expression in 
fi laggrin-depleted epidermis 
shown by immunofl uores-
cence staining for occludin 
( a ,  c ,  e ) and ZO-1 ( b ,  d ,  f ). 
( a ,  b ) In wild-type controls 
(wt/wt), a clear staining at the 
cell-cell borders of the 
uppermost living layers is 
observed for both occludin 
and ZO-1 ( red ). ( c ,  d ) 
Reduced staining with 
increased cytoplasmic 
staining in single-allele 
mutant IV. ( e ,  f ) Staining is 
almost completely lost in 
double-allele mutant 
epidermis. Nuclei are stained 
with DAPI ( blue ). Overlay of 
the epifl uorescence pictures. 
Mag bar = 50 μm       
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3.1            Introduction 

 Stratum corneum, the most upper layer of the 
skin, is crucial to skin barrier functions. 

 The major components of the stratum cor-
neum are corneocytes and lipids. The lipids sur-
round the corneocytes and are arranged in lipid 
bilayers, historically described as a brick wall, 
with the bricks being the annucleated corneo-
cytes and the mortar being the lipids [ 1 ]. 
Accordingly, no substance can pass through the 
skin without fi rst passing through the stratum 
corneum lipids [ 1 ,  2 ]. This chapter focuses on the 
stratum corneum lipids, in particular on the infl u-
ence of fi laggrin on the lipids and its possible role 
in lipid synthesis through infl uencing pH.  

3.2     The Lipids: What They Are 
Infl uenced by and Their 
Regulation 

 The lipids are mainly composed of three different 
classes: ceramides, free fatty acids, and choles-
terol. The ceramides are further subdivided into 
12 subclasses (ceramides 1–12) and, more 
recently, also according to chain length [ 3 – 5 ]. 
The synthesis of the lipids takes place in the stra-
tum granulosum, and through lamellar body exo-
cytosis, the lipids are delivered to the stratum 
corneum [ 6 ]. Regulation of the synthesis is linked 
in a symphony of enzymes, calcium gradient, and 
pH, which is not fully understood, as yet. Lipid 
levels in the stratum corneum are related to 
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 anatomical location and are infl uenced by envi-
ronmental factors, such as season and UV expo-
sure. For example, in winter, decreasing levels of 
ceramides are found on the face compared with 
more protected areas of the skin [ 7 ]. 

 Topical skin treatments also infl uence stratum 
corneum lipid levels. Moisturisers, topical corti-
costeroids, and topical calcineurin inhibitors 
have been investigated regarding their effect on 
up- or downregulation of the lipids. Although 
data are not uniform, it has been shown for mois-
turisers that the mRNA expression of enzymes 
involved in lipid synthesis is up- or downregu-
lated according to the ingredients [ 8 ,  9 ]. However, 
since the moisturisers tested all contained multi-
ple ingredients, the precise infl uence of each 
ingredient is unknown. For topical corticoste-
roids, one group has shown that their use leads to 
inconsistency in the lipid bilayers [ 10 ], which is 
interpreted as a negative infl uence. Nevertheless, 
the use of topical corticosteroids, rather than a 
moisturiser, has been shown to increase the 
ceramide/cholesterol ratio, probably benefi ting 
the skin barrier [ 11 ]. For topical calcineurin 
inhibitors, data also point to an increase in the 
ceramide/cholesterol ratio, compared with no 
treatment [ 12 ].  

3.3     Atopic Dermatitis from 
a Lipid and Filaggrin 
Perspective 

 Atopic dermatitis (AD) is the disease that high-
lighted the importance of ceramides. Compared 
with those with healthy skin, people with AD 
have lower levels of ceramides 1 and 3 in their 
stratum corneum, even in non-lesional skin 
[ 13 – 17 ]. Seemingly, this partly explains the infe-
rior skin barrier function in those with AD, also 
because ceramide 1 plays a central role in the 
structural arrangement of the lipid bilayers [ 18 ]. 

 After it became possible to group people 
with AD according to their filaggrin gene 
( FLG ) mutation status, the question arose as to 
whether having an  FLG  mutation would 
change the composition of the ceramides. It is 

likely that a person’s  FLG  mutation status 
influences the ceramides because breakdown 
products from filaggrin contribute to the acidic 
pH of the stratum corneum and thereby influ-
ence the enzymes that regulate ceramide syn-
thesis [ 19 – 23 ]. 

 Two research groups have analysed the stra-
tum corneum lipids in humans grouped accord-
ing to their  FLG  mutation status; participants 
included those with and those without AD. 

 Jungersted et al.’s study on non-lesional skin 
showed statistically signifi cant lower levels of 
ceramide 4 (EOH) in the group with an  FLG  
mutation and AD compared with those with 
healthy skin. This is the fi rst time ceramide 4 has 
been shown to be statistically lower in AD com-
pared with healthy skin. However, since ceramide 
4 was signifi cantly lower only when the AD  FLG  
mutation group was compared with healthy skin, 
it was investigated whether the difference could 
be ascribed to the  FLG  mutation. Comparisons 
were made between the two groups with  FLG  
mutations (both AD and control skin) and the two 
groups without FLG mutations (both AD and 
control skin), and no statistically signifi cant dif-
ference was found. The two AD groups were not 
compared with the two healthy groups because 
both groups were selected to include as many 
 FLG  mutation carriers as possible and were 
therefore biased. On this basis, Jungersted et al. 
concluded that low ceramide 4 in AD is due to 
reasons other than FLG. However, since the dif-
ference was statistically signifi cant only for the 
AD  FLG  mutation group, and the study did not 
correct for multiple testing, more research on 
larger populations is required before drawing any 
fi nal conclusion. It was, therefore, highly inter-
esting that the group led by Angelova-Fischer 
compared the ceramides on the lesional skin of 
people with AD divided according to  FLG  status. 
They, too, found lower levels of ceramide 4 
(EOH) in the AD  FLG  mutation group than in the 
AD  FLG  wild-type group. 

 Taken together, these two studies point 
towards ceramide 4 being infl uenced by  FLG  
mutations. This is interesting because ceramide 4 
has not previously been a ceramide receiving 
much attention [ 19 ,  24 ].  
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3.4     pH and Filaggrin 

 The enzymes involved in lipid synthesis all have 
slight differences in their optimum pH and are, 
therefore, infl uenced by changes in the skin’s pH 
[ 25 ]. The pH ranges from neutral in the deeper 
layers of the skin to acidic on the skin surface. 

 People with AD have a higher skin surface pH 
than healthy individuals do, even in non-lesional 
skin [ 23 ]. Filaggrin breakdown products help 
maintain the acidic environment on the stratum 
corneum surface assisted by the free fatty acids 
[ 26 ]. In the aforementioned study by Jungersted 
et al., the skin surface pH was measured and com-
pared between AD and healthy groups according to 
 FLG  status. The fi ndings showed a statistically sig-
nifi cant higher skin surface pH for those carrying 
 FLG  mutations than for controls. Even participants 
without AD who were carrying an  FLG  mutation 
had a higher pH than those with AD without  FLG  
mutations. This difference in pH could be expected 
to infl uence the synthesis of stratum corneum lip-
ids; nonetheless, the data do not support this expec-
tation. This might be because the pH was measured 
on the surface of stratum corneum, and the enzy-
matic processes and lipid synthesis take place 
deeper in the skin at the stratum corneum-stratum 
granulosum interface, and hence may not be infl u-
enced by the skin surface pH.  

3.5     Where to Go from Here 

 Recent studies in stratum corneum lipids have 
focused on ceramide chain length rather than the 12 
subgroups. They fi nd that although chain length 
infl uences barrier properties, the ceramide chain 
length seem not be infl uenced by  FLG  mutation sta-
tus [ 27 ]. Clearly, further studies are needed focusing 
on subgroups of patients according to fi laggrin muta-
tion, treatment regime, and skin barrier parameters.     
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4.1            Introduction 

 Since the milestone publication by Palmer et al. 
in 2006 [ 1 ], in which it was shown that mutations 
in the fi laggrin gene ( FLG ), which codes for fi lag-
grin “fi lament aggregating protein,” signifi cantly 
increase the risk of atopic dermatitis (AD), fi lag-
grin and barrier dysfunction have been the epicen-
ter of AD research and other skin diseases with 
decreased skin barrier function. Filaggrin is impor-
tant for the aggregation of keratin fi laments form-
ing the impenetrable keratin layer in the stratum 
corneum of the epidermis and also for the hydra-
tion of the skin through the “natural moisturizing 
factors” (NMFs) [ 2 ]. The decreased barrier func-
tion caused by the lack of fi laggrin expression may 
increase the risk of allergic sensitization and thus 
offer a molecular background for the so-called 
atopic march, in which patients suffering from 
early childhood AD have a higher risk of develop-
ing asthma, rhinitis, and food allergies [ 3 ]. An 
interesting fact is that 44–85.8 % of AD patients 
do not carry an  FLG  mutation, but still all patients 
have a decreased skin barrier function [ 4 ], and that 
among patients carrying an  FLG  mutation, 40 % 
never show any signs of decreased skin barrier 
function [ 5 ]. 

 These results indicate that regulatory mecha-
nisms other than null mutations in the  FLG  are 
responsible for the decreased skin barrier function 
in AD patients. Mutations in other genes involved 
in the skin barrier function have been linked to the 
development of AD such as SPINK5 (LEKTI), 
a serine protease inhibitor, which inhibits the 
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 kallikrein’s breakdown of the corneodesmosomes 
[ 6 ] and very likely also fi laggrin (KLK5) [ 7 ]. The 
infl ammatory reaction taking place in the skin can 
modulate the expression of fi laggrin on transcrip-
tional, translational, and posttranslational levels, 
thus inducing a functional lack of fi laggrin in the 
absence of an  FLG  null mutation [ 8 ,  9 ]. In this 
chapter, we will focus on the effect of infl amma-
tion on expression of fi laggrin and the subsequent 
effect on skin barrier functions.  

4.2     Production and Regulation 
of Filaggrin 

 Filaggrin has the property of aligning keratin 
intermediary fi laments into a tight matrix in the 
keratinocytes in the upper layer of the epidermis 
leading to a collapse of the intracellular structure 
and the formation of the spindle-shaped and 
tightly packed cells of the stratum corneum. 
Filaggrin is thus one of the most important struc-
tural proteins in the establishment of an intact 
skin barrier [ 10 – 12 ]. 

 Filaggrin is produced as the pre-protein pro- 
fi laggrin containing 10–12 fi laggrin repeats 
fl anked by a C- and N-terminal region [ 13 ,  14 ]. 
The N-terminal region may act as a Ca 2+ -binding 
region and play a role for the terminal keratino-
cyte denucleation, whereas the exact role of the 
C-terminal region is unknown, although mice 
lacking this region are unable to process pro- 
fi laggrin into fi laggrin [ 15 ]. The gene for pro- 
fi laggrin,  FLG , is located on chromosome 1q21 
in the epidermal differentiation complex that also 
contains other genes transcribed in the matura-
tion process of the keratinocyte [ 14 ]. 

 The interest in fi laggrin was spurred by the 
fi nding that homozygous null mutations in the 
 FLG  lead to varying degrees of ichthyosis vul-
garis [ 16 ] and that individuals heterozygous for 
the mutation had a higher risk of AD [ 1 ]. Until 
today, more than 40 different null mutations in 
the  FLG  have been identifi ed, but the frequency 
of each mutation differs depending on the spe-
cifi c ancestral group [ 17 ]. 

 The maturation process of pro-fi laggrin is a 
very complex multistep process, and only an 

overview, aimed at describing possible points for 
regulation by infl ammation, will be given here. 

 The expression of the  FLG  could be under 
control of the transcription factor AP-1 (fos and/
or jun) as AP-1 responsive elements have been 
described in the promoter region of the  FLG  [ 18 ]. 
Furthermore, oct1, oct6, and skn1a/i bind in vitro 
to two responsive elements in the promotor 
region of the  FLG  [ 19 ]. Certain isoforms of p63 
inhibit the transcription of  FLG  [ 20 ], and the 
 FLG  promotor region also contains glucocorti-
coid- and retinoic acid-responsive elements that 
suppress promotor activity [ 21 ]. 

 Once pro-fi laggrin is transcribed, it is heavily 
phosphorylated to prevent premature degradation 
to fi laggrin [ 22 ]; however, when the keratino-
cytes reach the granular layer, fi laggrin is dephos-
phorylated as one of the initial steps in the 
formation of the keratin matrix. The next step 
involves proteolytic cleavage of the pro-fi laggrin 
molecule, primarily in the C- and N-terminal 
fl anking regions, followed by cleavage of the 
linker region between the fi laggrin repeats. The 
proteases involved in this process include 
 matriptase [ 23 ] and prostasin [ 24 ]. In prostasin 
knockout mice, two- and three-domain fi laggrin 
intermediates accumulate in the stratum cor-
neum, but no fi laggrin monomers, whereas pro- 
fi laggrin accumulates in the stratum corneum in 
matriptase knockout mice [ 23 – 25 ]. LEKTI (lym-
phoepithelial Kazal-type-related inhibitor) is a 
serine protease inhibitor encoded by the SPINK5 
gene. Mutations in this gene in humans are 
responsible for “Netherton’s syndrome,” in which 
the skin is very dry with abnormal maturation of 
the keratinocytes and a defect in skin barrier [ 26 ]. 
Under normal circumstances LEKTI inhibits the 
proteases that cleaves pro-fi laggrin into fi laggrin 
monomers, and in SPINK5 knockout mice, there 
is premature pro-fi laggrin cleavage, but whether 
this is due to lack of inhibition of matriptase and 
prostasin is unknown [ 27 ,  28 ]. In mice lacking 
12R-lipooxygenase, which catalyze dioxygen-
ation of fatty acids, there is an aberrant pro- 
fi laggrin cleavage, although the background for 
this is unclear [ 29 ]. 

 The fi laggrin monomers are broken down to 
hygroscopic amino acids that constitute the 
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NMFs by caspase 14 [ 2 ]. Knockout mice lacking 
caspase 14 have dry skin and an increased sus-
ceptibility to ultraviolet (UV) B light. They do 
cleave fi laggrin, but still there is an abnormal 
maturation of the skin and a decreased produc-
tion of NMFs [ 30 ]. 

 From this short overview of the maturation of 
pro-fi laggrin into fi laggrin, it is clear that there are 
several steps apart from null mutations in which 
the expression of fi laggrin can be regulated.  

4.3     Infl ammation in the Skin 
and the Effect of Cytokines 

 The infl ammatory reactions in the skin seen in 
infl ammatory skin diseases are due to a complex 
interaction between the cells of the immune sys-
tem, adaptive and innate; the keratinocytes; the 
endothelial cells; and the connective tissue. An 
offensive agent, such as bacteria, antigens, or 
local tissue damage, induces a cascade of events 
that attract the cells of the immune system such 
as polymorphnuclear leukocytes and lympho-
cytes. These cells are activated and differentiated 
in a manner specifi c for each infl ammatory skin 
disease [ 31 ]. In AD, the dominating lymphocytes 
are of the Th 2  subtype; in psoriasis, they are Th 1;  
and in contact dermatitis, the lymphocytes are 
CD8+ rather than CD4+, although treatment may 
alter this dramatically [ 32 ]. The dermal dendritic 
cells also have a specifi c profi le of surface recep-
tors and cytokine production profi le depending 
on the infl ammatory skin disease [ 33 ]. The pro-
duction and expression of cytokines in infl amma-
tory skin diseases often take place in a specifi c 
spatial and timely sequence for each disease [ 34 ]. 

 All the cells in the skin produce infl ammatory 
mediators that attract infl ammatory cells, and 
among these mediators are the cytokines that are 
small, biologically potent glycoproteins that regu-
late growth, migration, and differentiation of 
cells. The cytokines may be subgrouped in differ-
ent, often overlapping, ways depending on func-
tion or molecular structure. The interleukins (ILs) 
are the cytokines initially described as produced 
by lymphocytes, monocytes, or macrophages, and 
the chemokines are a subgroup of these, with a 

highly conserved motif of cysteine residues in the 
N-terminal. For example, IL-8, which was origi-
nally termed so because it was produced by mac-
rophages, was also found to have the structure of 
a CXC-chemokine; therefore, in accordance with 
the chemokine nomenclature subcommittee, it 
was renamed CXCL8 [ 35 ]. 

 Other mediators of infl ammation, besides the 
cytokines, are vasoactive amines such as hista-
mine, 5-hydroxytryptamine, and serotonin; the 
reactive oxygen intermediates and nitrogen 
oxide; and the arachidonic acid products such as 
leukotrienes, prostaglandins, and thromboxanes.  

4.4     Infl ammatory Cytokines 
and Filaggrin Expression 

4.4.1     Interleukin-4 
and Interleukin-13 

 Patients suffering from AD have a decreased skin 
barrier function, but this is not confi ned to the 
group of patients carrying the  FLG  mutation. To 
address this question, the fi laggrin expression on 
both mRNA and protein levels in the skin of 30 
healthy patients was compared to the expression 
of lesional as well as non-lesional skin in 39 
patients suffering from AD. In addition, a sub-
group of patients was screened for the  FLG  null 
mutations 2282del4 and R501X, and 2 of 25 of 
the healthy controls had mutations, whereas 3 of 
17 of the AD patients carried the 2282del4 muta-
tion. None of the patients carried the R501X 
mutation. The results showed that fi laggrin 
expression was signifi cantly decreased in lesional 
as well as non-lesional skin of the AD patients 
not carrying the  FLG  mutation compared to the 
groups of healthy patients with or without  FLG  
null mutation. The fi laggrin expression in the 
skin of lesional AD in patients with  FLG  null 
mutation was signifi cantly lower than that of AD 
patients without mutations. In the same study, it 
was shown that the typical Th 2  cytokines IL-4 
and IL-13, which are abundant in AD skin, could 
decrease the expression of fi laggrin in primary 
keratinocyte cultures in which differentiation had 
been induced by increased calcium concentrations 
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[ 8 ,  36 ]. From these studies it was clear that 
infl ammation of the skin could induce a “func-
tional fi laggrin defect” in the skin and, thereby, a 
decreased skin barrier function. 

 Not only do IL-4 and IL-13 decrease fi laggrin 
expression; they also decrease the expression of 
caspase 14 [ 9 ], which breaks down fi laggrin to 
NMFs and contributes to the integrity of the skin 
barrier [ 2 ].  

4.4.2     Interleukin-22 (IL-22) 

 IL-22 is a cytokine that was fi rst described to be 
produced by Th 17  cells, but later as a cytokine 
produced by a distinct subgroup of skin-homing 
T lymphocytes expressing the skin-homing che-
mokine receptor profi le CCR4, CCR6, and 
CCR10, which do not express IL-17 [ 37 ]. This 
subgroup of lymphocytes, known as Th 22  lym-
phocytes, are found in infl ammatory skin disor-
ders where they induce transcription of genes 
related to the innate and adaptive immune path-
ways in keratinocytes [ 38 ]. Dermal dendritic 
cells and Langerhans cells from the skin induce 
IL-22 production in T lymphocytes stressing the 
concept of the skin specifi city of these cells [ 39 ]. 
Furthermore, exotoxins from  Staphylococcus 
aureus  that colonize the skin, especially in AD, 
induce IL-22 expression in CD4+ T lymphocytes 
[ 40 ]. In HaCaT cells (an immortalized keratino-
cytic cell line) cultured with high calcium con-
centrations to induce fi laggrin expression, IL-22 
downregulates pro-fi laggrin and fi laggrin expres-
sion on both mRNA and protein level [ 41 ].  

4.4.3     Interleukin-17A (IL-17A) 
and Interleukin-17E (IL-17E) 

 Interleukin-17 is produced by Th 17  lymphocytes 
after stimulation with IL-23. IL-17 was primarily 
associated with infl ammatory diseases in the cen-
tral nervous system and in the joints, because it 
was found to be the mediator of the IL-23- 
dependent models of collagen-induced arthritis 
and experimental autoimmune encephalitis. 
Later, important roles for IL-17 were described in 

autoimmune diseases, such as rheumatoid 
 arthritis, infl ammatory bowel disease, multiple 
sclerosis, and in psoriasis. Interleukin-17 belongs 
to a family of at least fi ve members – IL-17A–E. 
IL-17A is often described as a Th 1 -like cytokine, 
and it is the IL-17 member associated with pso-
riasis [ 42 ,  43 ]. IL-17E, also known as IL-25, is 
the opposite and is often described as a Th 2 - 
associated cytokine. IL-17E binds to the IL-
17B-receptor, whereas IL-17A binds to the 
IL-17A receptor [ 44 ]. IL-17A has been shown to 
be able to downregulate not only pro-fi laggrin 
and fi laggrin expression in HaCaT cells cultured 
in high calcium concentrations but also proteins 
associated with cell adhesion between the kerati-
nocytes, thereby affecting the skin barrier on at 
least two different levels [ 45 ]. The role of fi lag-
grin downregulation in psoriasis in which IL-17A 
levels are high is not clear. 

 IL-17E (IL-25), on the other hand, is found in 
very high concentrations in Th 2 -mediated dis-
eases such as asthma and AD. Il-17E is important 
in the response to helminthic infections in murine 
models [ 46 ], but also for the initiation and pro-
longation of the Th 2  response. In asthma patients, 
Th 2  cells, mast cells, and lung epithelial cells pro-
duce IL-17E [ 47 ], whereas in the skin of AD 
patients, dermal dendritic cells produce IL-25 
[ 48 ]. Surprisingly, this production is downregu-
lated by TSLP. The pro-fi laggrin expression in 
primary keratinocytes cultured to 80 % confl u-
ency is reduced when co-cultured with IL-17E 
[ 48 ], a fi nding that could be reproduced in kerati-
nocytes cultured with 1.3 mM calcium [ 36 ]. 
These results indicate that IL-17E is a key media-
tor in AD, as it has the ability both to induce the 
production of Th 2  cytokines such as IL-4 and 
IL-13 and to downregulate fi laggrin, thereby 
decreasing the skin barrier function.  

4.4.4     Tumor Necrosis Factor-α 
(TNF-α) 

 Tumor necrosis factor-α (TNF-α) is a central 
mediator of infl ammation. It inhibits viral repli-
cation and tumorigenesis, and in the context of 
skin diseases, it is a very central mediator of the 
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infl ammation in psoriasis, as proven by the high 
effi cacy of TNF-α inhibitors in the treatment of 
psoriasis [ 49 ]. TNF-α is also expressed in AD, 
but since TNF-α inhibitors have almost no effect 
in the treatment of this disease, its role is very 
unclear [ 50 ]. In psoriasis a skin barrier defect 
also exists, although its role in the pathogenesis 
of psoriasis is not as clear as in AD. TNF-α acts 
on the fi laggrin synthesis by downregulating the 
expression in primary keratinocytes cultured in 
0.06 % calcium [ 51 ].  

4.4.5     Interleukin 31 (IL-31) 

 IL-31 was originally described as a cytokine pro-
duced by Th 2  lymphocytes, but other cells such as 
mast cells, dendritic cells, and monocytes may 
also produce the cytokine [ 52 ,  53 ]. It is increased 
in the skin and serum of AD patients, but also in 
a murine model of AD, the NC/Nga mouse, in 
which it induces pruritus through binding to 
IL-31 receptors in the dorsal ganglia. Blocking of 
IL-31 with monoclonal antibodies in this model 
decreases the itching behavior of the mice [ 54 ]. 
In a 3D model of the skin based on HaCaT cells, 
in which a doxycycline-inducible IL-31 receptor 
was inserted, IL-31 could repress the expression 
of pro-fi laggrin. This effect was in part mediated 

through an IL-31-dependent induction of IL-20 
and IL-24 production in the HaCaT cells, and 
these cytokines in turn downregulated pro- 
fi laggrin [ 55 ] (Table  4.1 ).

4.5         The Effect of Anti- 
infl ammatory Treatment 
on Filaggrin Expression 
in the Skin 

4.5.1     Topical Steroids and 
Calcineurin Inhibitors 

 The most widely used therapy for infl ammatory 
skin diseases of mild to moderate severity is topi-
cal corticosteroids, and in the case of AD also the 
topical calcineurin inhibitors tacrolimus and 
pimecrolimus. Topical corticosteroids exert their 
action partly through binding to steroid receptors 
in the cytosol of the cell, which then translocate 
into the nucleus, where it inhibits the transcrip-
tion of infl ammatory genes (transrepression) and 
induces expression of anti-infl ammatory genes 
(transactivation), but also affects the synthesis of 
structural proteins [ 60 ]. Calcineurin inhibitors 
inhibit calcium-dependent dephosphorylation of 
the transcription factor nuclear factor of activated 
T cells (NFATs) that is required for the transcription 

   Table 4.1    Regulatory stimuli on fi laggrin expression   

 Cytokine/stimuli  Effect on fi laggrin  Produced by  Reference 

 IL-4 + IL-13  Downregulation (direct 
effect and mediated through 
downregulation of caspase 14 

 T cells  Howell et al. [ 8 ] 
 Pellerin et al. [ 36 ] 
 Hvid et al. [ 9 ] 

 IL-22  Downregulation  Th 22  cells,  S. aureus  
stimulated T cells 

 Gutowska-Owsiak et al. [ 41 ] 

 IL-17A  Downregulation  Th 17  cells  Gutowska-Owsiak et al. [ 45 ] 
 IL-25 (IL-17E)  Downregulation  Dermal dendritic cells  Hvid et al. [ 48 ] 

 Pellerin et al. [ 36 ] 
 TNF-α  Downregulation  T cells  Kim et al. [ 51 ] 
 IL-31  Downregulation 

( in part mediated through 
IL - 20 and IL - 24 ) 

 Th 2  cells, dermal 
dendritic cells, mast 
cells, monocytes 

 Cornelissen et al. [ 55 ] 

 Topical corticosteroid  Upregulation  Jensen et al. [ 56 ] 
 Retinoic acid  Downregulation  Asselineau et al. [ 57 ] 

 Kautsky et al. [ 58 ] 
 Coal tar  Upregulation  Van den Bogaard et al. [ 59 ] 
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of infl ammatory cytokines such as IL-2 [ 61 ]. A 
study of genes expressed in the skin of AD 
patients treated with either betamethasone 
 valerate or pimecrolimus showed that both 
reduced infl ammation, betamethasone valerate 
more than pimecrolimus; both restored fi laggrin 
and loricrin expression to normal levels; but that 
betamethasone valerate reduced expression of 
lipid synthesis rate-limiting enzymes and involu-
crin, which may be part of the explanation for the 
lack of effect of corticosteroids on the restoration 
of the skin barrier function [ 56 ].  

4.5.2     Retinoic Acid 

 Retinoic acid is used in infl ammatory skin dis-
eases and has an anti-proliferative effect on the 
keratinocytes and also an anti-infl ammatory 
effect; both effects are exerted through the RAR 
(retinoid acid receptors) and the RXR (retinoid X 
receptors). Filaggrin production is downregu-
lated by retinoic acid as seen in keratinocytes cul-
tured in multilayer on a collagen matrix at the 
air-liquid surface [ 57 ] and in oral keratinocytes in 
a lifted culture system [ 58 ]. The effect may be 
due to the presence of a retinoic acid-responsive 
element in the promoter region of the pro- FLG  
[ 21 ]. 

 Chronic hand eczema may be treated with the 
retinoid alitretinoin (9- cis -retinoid) with good 
effect [ 62 ]. A side effect of the treatment is dry 
skin, and in this light, AD treated with alitreti-
noin (9- cis -retinoid) surprisingly shows good 
effect [ 63 ]. Larger studies, however, are needed.  

4.5.3     Coal Tar 

 Coal tar is a treatment used for the treatment of 
skin diseases for more than two millennia. 
A recent publication has shown that the aryl 
hydrocarbon receptor (AHR) is involved not only 
in normalization of the Th 2 -dominated response 
by interfering with the STAT6-mediated response 
but also through an induction of fi laggrin produc-
tion along with other markers of epidermal dif-
ferentiation in primary keratinocyte cell cultures 

and in an organotypic skin model of human kera-
tinocytes both with and without fi laggrin muta-
tions, a fi nding that could be reproduced in skin 
biopsies from AD patients [ 59 ]. Thus, the AHR 
seems to be a very interesting and promising can-
didate for new fi laggrin-targeted therapies for 
AD, as it both inhibits the infl ammatory reaction 
and increases the differentiation of keratinocytes.   

4.6     Discussion and Conclusion 

 The fi nding of the correlation between  FLG  null 
mutations, and AD and ichthyosis vulgaris 
spurred the interest in skin barrier defects, espe-
cially in AD but in also other eczematous dis-
eases. The fact that AD patients have a skin 
barrier defect has long been recognized and has 
led to the discussion of the “inside-outside” 
hypothesis versus the “outside-inside” hypothe-
sis. The “inside-outside” hypothesis favors the 
notion that the infl ammatory reaction, initiated 
by allergens, infections, or autoimmune reac-
tions, in the skin leads to skin barrier breakdown, 
whereas the “outside-inside” hypothesis favors 
the notion of the skin barrier defect as the initial 
event followed by an infl ammatory/allergic reac-
tion on the basis of noxious stimuli entering the 
body through the open barrier [ 64 ]. In this review, 
infl ammatory stimuli leading to reduced fi laggrin 
expression have been reviewed, and this could be 
read as a support of the “inside-outside” hypoth-
esis. However, other studies have shown that a 
lack of fi laggrin itself can enhance production of 
infl ammatory stimuli such as IL-1 [ 65 ] and TSLP 
[ 66 ] (thymic stromal lymphopoietin). Thus, the 
two subelements of AD pathogenesis, infl amma-
tion and skin barrier defect, seem to be closely 
interconnected. 

 The downregulation of fi laggrin expression by 
infl ammation may also be of great importance in 
other infl ammatory skin diseases such as contact 
dermatitis, in which infl ammation leads to a 
decreased skin barrier, and this in turn increases 
the infl ammatory reaction in a perpetual vicious 
circle, in which the risk of acquiring new allergies 
through the broken skin barrier is increased, as is 
the case in patients homozygous for the  FLG  
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mutations R501X and 2282del4 who have an odds 
Ration of 5.71 for sensitization to other allergens 
than nickel compared to healthy individuals [ 67 ]. 

 Until now, the main focus on research in fi lag-
grin and infl ammation has been on the effect of 
various infl ammatory mediators on the produc-
tion of fi laggrin in keratinocytes. However, 
infl ammation also affects the posttranslational 
processing of both fi laggrin and pro-fi laggrin, as 
exemplifi ed by the downregulation of caspase 14 
by infl ammatory cytokines [ 2 ,  9 ]. However, the 
effect of infl ammation on posttranslational pro-
cesses as well as transcriptional regulation is not 
well examined and should constitute a major 
focus area for research in skin barrier function in 
the next decade. 

 It is clear from the research so far that treat-
ment of skin infl ammation restores the skin bar-
rier function with regard to fi laggrin. The 
experiments performed so far indicate, for a large 
part, that this is due to the decreased production 
of infl ammatory mediators by the infl ammatory 
cells in the skin. However, the promoter region of 
pro-fi laggrin contains retinoid as well as gluco-
corticoid responsive elements [ 21 ], and the effect 
of these immunosuppressants themselves on fi l-
aggrin production still remains to be clarifi ed. 

 In conclusion, infl ammation of all types, 
including Th 1 - ,  Th 2 -, Th 17 -, and Th 22 -dominated 
responses, induces skin barrier defects, and the 
current results suggest that this may, partly, be 
due to a downregulation of fi laggrin.     
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5.1            Introduction 

 Atopic diseases are characterized by elevated lev-
els of IgE and classically described as Th2 medi-
ated. It is believed that following entry of an 
allergen into the skin, it is processed by local 
dendritic cells (DCs) that then migrate to the 
draining lymph node. Here, the DC presents the 
allergen for naïve CD4 +  T cells, which subse-
quently differentiate into Th2 cells characterized 
by their production of IL-4, IL-5, and IL-13 
(Fig.  5.1 ). The Th2 cells activate allergen- specifi c 
B cells and promote isotype switch to IgE. The 
allergen-specifi c IgE will bind and prime mast 
cells, which then can be activated following 
exposure to the allergen (see Fig.  5.1 ). During the 
last years it has become clear that several new 
players are involved in allergen-specifi c immune 
responses, among these the epithelial cells, innate 
lymphoid cells (ILCs), Th17 cells, and vitamin 
D. This chapter focuses on how fi laggrin (or lack 
of) affects the immune response and vitamin D 
synthesis in the skin. Both human and mice stud-
ies are discussed as much of the knowledge about 
the effects of fi laggrin on the immune system 
comes from studies using the Flaky tail mice 
(Flg ft  mice) lacking fi laggrin [ 1 – 3 ] (Fig.  5.2 ).

5.2         The T-Cell Response 

 Atopic dermatitis (AD) is a complex disease 
dependent on both genetic and environmental 
factors that induce a complex immune response. 

        C.  M.   Bonefeld ,  PhD      (*) •    M.  M.   Nielsen ,  MS      
   C.   Geisler ,  MD, PhD, DMSc      
  Department of International Health, Immunology 
and Microbiology ,  University of Copenhagen , 
  Blegdamsvej 3 ,  Copenhagen   2200 ,  Denmark   
 e-mail: cmenne@sund.ku.dk; mmilek@sund.ku.dk; 
cge@sund.ku.dk  

  5      Immune Activity and Vitamin D 

           Charlotte     M.     Bonefeld      ,     Morten     M.     Nielsen      , 
and     Carsten     Geisler     

Contents

5.1  Introduction ...................................................  37

5.2  The T-Cell Response .....................................  37

5.3  The IL-23/TH17 Axis in AD .........................  40

5.4  The Role of TSLP in the Response ..............  42

5.5  Vitamin D, Filaggrin, and Immune 
Responses .......................................................  43

References ...............................................................  44

mailto:cmenne@sund.ku.dk
mailto:mmilek@sund.ku.dk
mailto:cge@sund.ku.dk


38

It is well known that T cells play a central role in 
the pathogenesis of AD [ 4 ,  5 ]. An AD mouse 
model showed that αβ T cells were required for 
skin infl ammation, whereas γδ T cells and B cells 
were not required [ 5 ]. In addition, IL-4 expres-
sion was upregulated in infl amed skin and found 
to be produced by αβ T cells [ 5 ]. Interestingly, 
skin infl ammation could be induced in mice 

 lacking either B cells or CD40L indicating that 
IgE is not required for the development of skin 
infl ammation [ 5 ]. 

 CD4 +  T-cell differentiation is classically 
divided into Th1 and Th2 responses dominated 
by IFNγ, IL-2 and IL-4, IL-5 and IL-13, respec-
tively (Fig.  5.3 ) [ 6 ,  7 ]. Recently, a new CD4 +  
T-cell subtype has been identifi ed, namely, the 

Sensitization

Keratinocyte

Antigen presenting cell Naive CD4+ T cell B cell Plasma cell secreting IgE Allegen specific TCR CD40 CD80 / CD86

Mast cell Th2 cell Allergen MHC II / peptide CD40L CD28

Challenge

  Fig. 5.1    Simple model for immune responses leading to 
AD. Skin exposure to allergens leads to activation of skin 
DC that migrates to the draining lymph nodes, where they 
present allergen for allergen-specifi c naïve CD4 +  T cells. 
Due to the presence of IL-4, allergen-specifi c CD4 +  T 
cells differentiate into Th2 cells. These subsequently 

 activate allergen- specifi c B cells that differentiate into 
IgE-producing plasma cells. IgE bind to FcεR1 receptors 
on mast cells in the skin. Upon subsequent exposure to the 
allergen, IgE on the mast cells bind allergen and induce 
mast cell activation and thereby skin infl ammation       

  Fig. 5.2    Appearance of age-matched Flg ft  and WT mice (C57bl/6)       

 

 

C.M. Bonefeld et al.



39

Th17 cells (see below). A mouse model for 
AD-like skin infl ammation was used to further 
investigate the role of Th1 and Th2 cells in AD. 
Impaired eosinophil recruitment to the skin was 
seen in mice lacking either IL-4 or IL-5, 
whereas IFNγ did not seem to be involved in 
eosinophil recruitment [ 8 ]. However, IFNγ 
seemed to be involved in the response by other 
mechanisms as reduced skin infl ammation was 
seen in mice lacking either IL-5 or IFNγ [ 8 ]. In 
accordance with this, IL-4, IL-5, IL-13, IFNγ, 
and IL-12 are upregulated in the skin from AD 
patients compared to healthy skin [ 9 ,  10 ]. 
Interestingly, these cytokines appear to be 

involved at different stages of the disease. The 
initial infl ammation seems to be driven by IL-4 
and IL-13, as these are the dominating cyto-
kines in acute lesional skin [ 9 ,  10 ]. In contrast, 
chronic infl ammation seems to be maintained 
by IL-5, IL-12, and IFNγ [ 9 ,  10 ]. Increased 
eosinophil infi ltration was seen in chronic com-
pared to acute lesions, which correlates with 
the increased expression of IL-5 in chronic 
lesions [ 9 ]. Thus, the acute infl ammation 
appears to be mediated by Th2 cells and their 
production of IL-4 and IL-13, whereas the 
chronic infl ammation seems to involve both 
Th1 and Th2 cells.
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  Fig. 5.3    Schematic representation of differentiation of ILC and naïve CD4 +  T cells showing cytokines and transcrip-
tion factor involved in the differentiation as well as effector cytokines produced by the cells       
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   Exposure of the skin to protein allergens 
(ovalbumin (OVA),  Dermatophagoides pteron-
yssinus  (Derp1)), contact allergens, and irri-
tants induces a more vigorous infl ammatory 
response in Flg ft  mice than in control mice [ 1 , 
 3 ]. The response to protein antigens seems to 
involve Th1, Th2, and Th17 cells, which corre-
lates well with the fi ndings in patients with AD 
(see below [ 1 ,  3 ,  9 ,  10 ]). Interestingly, only 
minor cytokine induction was seen following 
allergen exposure in control mice having an 
intact skin barrier [ 1 ,  3 ]. Thus, lack of fi laggrin 
seems to increase the risk of developing aller-
gen-specifi c T-cell responses mediated by Th1, 
Th2, and Th17 cells. To date very few studies 
have investigated how the lack of fi laggrin 
affects T-cell responses in humans. However, 
by combining Derp1-specifi c tetramer staining 
together with IL-4 and fi laggrin analysis, one 
study showed that individuals lacking fi laggrin 
had an increased number of Derp1- specifi c 
IL-4-producing CD4 +  positive cells in their 
blood compared to individual with wild- type 
fi laggrin gene ( FLG ) mutation status [ 11 ]. 
Taken together, even though AD classically is 
described as mediated by Th2 cells, other effec-
tor CD4 +  T cells seem to be important at differ-
ent stages of the disease. Lack of fi laggrin 
seems to increase the risk of developing aller-
gen-specifi c T-cell responses, probably due to 
increased skin penetration of allergens that 
elicit a basic infl ammatory response and thereby 
provides a reduced activation threshold for the 
T cells. In addition, a recent study shows that 
AD patients with  FLG  loss-of-function muta-
tions had increased levels of IL-1α and IL-1β in 
the skin compared to both healthy controls and 
AD patients without  FLG  mutations [ 12 ]. 
Interestingly, the increased IL-1α and IL-1β 
correlated inversely with the “natural moistur-
izing factors” (NMFs) that correlated inversely 
with skin pH [ 12 ]. As IL-1 is a pro- infl ammatory 
cytokine known to be involved in the initiation 
of the immune response in general (e.g., by 
inducing maturation and migration of DC), 
increased IL-1 levels are likely to lower the 
immune activation threshold within the skin of 
patients lacking fi laggrin [ 13 ].  

5.3     The IL-23/TH17 Axis in AD 

 Following the discovery that IL-23, and not 
IL-12, was required for the induction of experi-
mental autoimmune encephalomyelitis (EAE), 
the mouse model of multiple sclerosis, intensive 
work was carried out to characterize the effector 
CD4 +  T cells responding to IL-23, which even-
tually lead to identifi cation of IL-17-producing 
CD4 +  T cells (Th17) in 2005 [ 14 – 16 ]. It is now 
known that TGF-β and IL-6 are required for ini-
tiation of Th17 differentiation, whereas IL-23 is 
required for the stabilization of the Th17 cells 
(see Fig.  5.3 ) [ 7 ]. Th17 cells are involved in the 
pathogenesis of a variety of autoimmune and 
infl ammatory diseases such as EAE, infl am-
matory bowel diseases, and psoriasis [ 17 ]. The 
primary cytokines produced by Th17 cells are 
IL-17 and IL-22, both of which stimulate epithe-
lial cells to produce a variety of infl ammatory 
cytokines (e.g., IL-1β, IL-6, TNFα), chemo-
kines (e.g., CXCL8), and antimicrobial peptides 
(e.g., β-defensin, cathelicidin) [ 17 ]. Th17 cells 
most likely play a role in AD as an increased 
 percentage of Th17 cells are found in the blood 
and lesional skin of AD patients [ 18 ,  19 ]. 
Interestingly, Th17 cells seem to serve as an ini-
tial cytokine source as they are more prevalent in 
acute than chronic lesions [ 18 ,  19 ]. Furthermore, 
Th17 cells are likely associated with the severity 
of AD as a direct correlation between severity 
of the infl ammation and the percentage of Th17 
cells in the blood has been found [ 18 ]. The role 
of Th17 cells in the immune response to pro-
tein allergen has been further investigated by 
using an OVA sensitization mouse model. Here 
mice were exposed to OVA either epicutane-
ously (EC) or intraperitoneally (IP) [ 20 ]. It was 
shown that EC OVA sensitization induced both 
a local and a systemic Th17 response, whereas 
IP OVA sensitization did not [ 20 ]. In contrast, 
the production of IL-4 and IFNγ following OVA 
sensitization seemed to be independent on the 
sensitization route [ 20 ]. The Th17 response 
also appears to drive airway infl ammation as 
neutrophil infl ux and bronchial hyperactivity 
induced by OVA inhalation in EC-sensitized 
mice could be reversed by IL-17 blockade [ 20 ]. 
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The reason why EC sensitization, in contrast to 
IP sensitization, leads to Th17 responses might 
be explained by the ability of skin-derived DC 
to produce IL-23, a feature that is not observed 
in splenic DC [ 20 ]. In this model, mice were 
tape-stripped before OVA exposure of the skin, 
a procedure that is known to induce disruption 
of the skin barrier. As EC sensitization with 
allergens seems to play an important role in 
allergen sensitization of patients with AD, and 
as patients lacking fi laggrin have an increased 
risk of developing asthma [ 21 ,  22 ], it was sug-
gested that allergen exposure of skin lacking 
fi laggrin leads to a Th17 response, which upon 
later allergen exposure of the airways induces 

a Th17- dependent airway infl ammation [ 20 ]. 
In agreement with this, three studies on Flg ft  
mice have shown an increased IL-17 production 
in Flg ft  mice compared to control mice [ 1 – 3 ]. 
The increased IL-17 production was found both 
in the skin at steady state and in OVA-specifi c 
CD4 +  T cells after EC OVA sensitization [ 1 ,  3 ]. 
Interestingly, a similar Th17 response was seen 
in Flg ft  mice and control mice following IP sen-
sitization with OVA [ 3 ]. Taken together, aller-
gen exposure of the skin seems to favor a Th17 
response, and lack of fi laggrin increases the risk 
of developing allergen-specifi c Th17 responses 
that again increases the risk of developing severe 
AD and asthma (Fig.  5.4 ).
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  Fig. 5.4    Model for the role 
of IL-17 in initiation of AD       
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   Even though Th17 cells were fi rst described 
as the IL-17-producing cells, it is now clear 
that several other types of cells can produce 
IL-17, i.e., CD8 +  T cells, γδ T cells, and ILC 
[ 3 ,  17 ,  23 ]. During the last years much focus 
has been on ILC. The ILC are characterized by 
lack of expression of markers associated with 
T cells, B cells, DCs, macrophages, and granu-
locytes [ 23 ]. Interestingly, it seems that ILCs 
can be subdivided based on transcription fac-
tors and cytokine production in a way similar to 
the CD4 +  T effector cells (see Fig.  5.3 ). Thus, 
ILC1 are the innate analogs to Th1 cells, ILC2 
are the innate analogs to Th2 cells, and, fi nally, 
LTi and ILC3 are the innate analogs to Th17 
cells [ 7 ,  23 ]. A recent study indicated that cells 
other than Th17 cells might be responsible of 
the increased level of IL-17 found in the skin 
of Flg ft  mice at steady state [ 24 ]. In this study, 
Flg ft  mice were crossed to RAG2-defi cient mice 
lacking both T and B cells [ 24 ]. Lesional skin 
infl ammation characterized by fur loss, ery-
thematous scaly skin, and periocular swelling 
was seen in 88 % of Flg ft  mice after 32 weeks. 
In contrast, no sign of skin infl ammation was 
seen in mice lacking both fi laggrin and RAG2, 
indicating that the adaptive immune response 
is required for the skin infl ammation in Flg ft  
mice [ 24 ]. However, increased levels of both 
IL-17A and IL-22 were found in the skin of 
RAG2 −/−  Flg ft  mice compared to mice only 
lacking RAG2, indicating that LTi and/or ILC3 
might be involved in the increased level of 
IL-17A found in Flg ft  mice at steady state [ 24 ]. 
Thus, it is likely that ILC subtypes are involved 
in the infl ammatory response induced by the 
lack of fi laggrin; however, this needs further 
investigations (see Fig.  5.4 ). 

 Taken together, IL-17 is most likely pro-
duced by both Th17 cells and ILC in the 
inflammatory response observed in AD. 
Lack of filaggrin leads to an impaired barrier 
function and thereby probably to danger sig-
nals that activate skin DC to produce IL-23. 
IL-23 subsequently stimulates IL-17 produc-
tion from ILC and Th17 cells. IL-17 in the 
skin stimulates keratinocytes to produce pro-
inflammatory cytokines and chemokines that 

eventually lead to increased skin inflammation 
(see Fig.  5.4 ).  

5.4     The Role of TSLP 
in the Response 

 Keratinocytes constitute the majority of the cells in 
the epidermis and were originally described mecha-
nistically as the cells that form the physical barrier 
between the environment and the body. However, it 
has become clear that keratinocytes also play an 
important immune-modulating role due to their abil-
ity to produce a variety of cytokines (e.g., IL-1β, 
IL-23, TNFα, and IL-10 in response to pathogens, 
stress, and other environmental triggers) [ 25 – 28 ]. 
Cytokines produced by keratinocytes can modify the 
activation and differentiation of skin DC. Thymic 
stromal lymphopoietin (TSLP) mainly produced by 
keratinocytes, fi broblasts, and stromal cells can 
induce a Th2 response [ 29 ]. TSLP is highly expressed 
in the epidermis of patients with AD [ 30 ]. Stimulation 
of CD11c +  DC with TLSP in vitro leads to activation 
and differentiation of DC that promote Th2 differen-
tiation (Fig.  5.5 ) [ 30 ]. By use of a transgenic mouse 
model, where TSLP specifi cally can be induced in 
the keratinocytes, it was shown that mice developed 
spontaneous AD characterized by skin infl ammation, 
increased number of skin- homing Th2 cells, and 
elevated levels of serum IgE 2–3 weeks after TSLP 
induction [ 31 ]. Interestingly, induction of TSLP in 
TCRβΚΟ mice lacking all CD4 +  and CD8 +  αβ T 
cells still lead to skin infl ammation, suggesting that T 
cells are not necessary for the induction of the allergic 
response [ 31 ]. It was suggested that the response 
could be induced by TSLP acting directly on acti-
vated macrophages, eosinophils, mast cells, and 
other myeloid effector cells [ 31 ]. However, ILC2 
cells could also be involved. TSLP can induce cyto-
kine production by ILC2 in the skin independent of 
IL-33 and IL-25 [ 32 ]. An increased frequency of 
ILC2 was found in lesional skin from patients with 
AD [ 32 ]. Furthermore, AD-like skin infl ammation 
could be signifi cantly reduced either by depleting 
ILC or by using TSLP receptor KO mice [ 32 ]. This 
indicates that TSLP might play an important role in 
the induction of AD by stimulating ILC2 to produce 
IL-5 and IL-13. In agreement with studies in human 
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AD patients, TSLP was found to be more expressed 
in skin from Flg ft  mice than in control mice [ 33 ]. 
Furthermore, it was found that the expression and 
activity of the endogenous proteases kallikrein 5, 7, 
and 14, which activate TSLP production in keratino-
cytes, were higher in skin from Flg ft  mice compared 
to control mice in steady state [ 33 ]. It can, therefore, 
be suggested that the increased activity of the endog-
enous proteases caused by the lack of fi laggrin leads 
to increased production of TSLP via the protease- 
activated receptor-2 in keratinocytes and that this 
plays an important role in the induction of both ILC2 
and Th2 cells.

5.5        Vitamin D, Filaggrin, 
and Immune Responses 

 Several studies have demonstrated that vitamin D 
regulates keratinocyte growth and differentiation 
and affects immune responses [ 34 – 39 ]. The major 

source of vitamin D for most humans is 7-dehy-
drocholesterol (7-DHC) in the plasma membrane 
of keratinocyte [ 40 ,  41 ]. The fi rst stage of vitamin 
D synthesis depends on the UVB (280–320 nm)-
mediated photoconversion of 7-DHC to previta-
min D 3  in the skin. Once formed, previtamin D 3  is 
rapidly converted to vitamin D 3  that diffuses to the 
blood circulation, where it is bound to the vitamin 
D-binding protein (DBP). Vitamin D 3  is subse-
quently metabolized in the liver to 25-hydroxyvi-
tamin D 3  (25(OH)D 3 ) and then in the kidney to its 
biologically active form 1,25-dihydroxyvitamin 
D 3  (1,25(OH) 2 D 3 ) [ 40 ,  42 ,  43 ]. 1,25(OH) 2 D 3  is 
classically considered to function as a endocrine 
regulator of calcium homeostasis. However, the 
understanding of vitamin D metabolism and phys-
iological function has evolved dramatically in 
recent years. Vitamin D is now recognized as a 
pleiotropic regulator of human physiology with 
emerging roles in several tissues including the 
immune system and the skin [ 44 ]. 
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 The biological actions of 1,25(OH) 2 D 3  are 
mediated by the vitamin D receptor (VDR) that 
belongs to the nuclear hormone receptor super-
family [ 45 ,  46 ]. Interaction of 1,25(OH) 2 D 3  
with VDR induces heterodimerization with 
the retinoid X receptor (RXR) and transloca-
tion of 1,25(OH) 2 D 3 -VDR/RXR complexes 
into the nucleus [ 44 ,  47 ,  48 ]. The 1,25(OH) 2 D 3 -
VDR/RXR complexes bind to specifi c DNA 
sequences called vitamin D response elements 
(VDREs) in target genes, and dependent on the 
recruited co- regulators either augment or inhibit 
transcription of the target gene [ 48 – 50 ]. Both 
keratinocytes and various cells of the immune 
system express VDR, especially after their acti-
vation [ 38 ,  51 – 54 ]. 

 The normal range of the 1,25(OH) 2 D 3  concen-
tration in serum is 50–175 pM, whereas the con-
centration of the precursor 25(OH)D 3  is 
approximately 1,000-fold higher (50–160 nM). 
The conversion of 25(OH)D 3  to 1,25(OH) 2 D 3  is 
mediated by the 1-α hydroxylase CYP27B1 [ 55 ]. 
This conversion was at fi rst believed exclusively 
to take place in the kidneys; however, it is now 
clear that CYP27B1 is expressed in various cell 
types including keratinocytes, macrophages, and 
activated T cells [ 56 – 58 ], and evidence is rapidly 
accumulating that local CYP27B1-catalyzed pro-
duction of 1,25(OH) 2 D 3  is critical for its physio-
logical actions [ 37 ,  59 ]. In this context, the 
keratinocytes are the only cell type where the 
complete enzymatic machinery for the synthesis 
of 1,25(OH) 2 D 3  from 7-DHC has been shown 
[ 41 ,  60 – 62 ]. Thus, it can be assumed that UVB- 
induced production of vitamin D 3  in the skin 
might result in formation of substantial amounts 
of local 1,25(OH) 2 D 3 , which regulate keratino-
cyte growth and differentiation and affect the 
local immune response. 

 The keratohyalin granules in the stratum granu-
losum of the epidermis consist primarily of pro- 
fi laggrin polymers [ 63 ] that are proteolytically 
cleaved into fi laggrin monomers. Monomeric 
fi laggrin binds to keratin to form tight bundles 
facilitating the collapse and fl attening of the cells 
in the stratum corneum [ 64 ]. Subsequently, fi lag-
grin is fully degraded to its constituents amino 
acids dominated by glutamine, arginine, and his-

tidine [ 65 ]. Histidine is a substrate for histidase 
that is highly expressed in the stratum granulosum 
[ 66 ]. Histidase converts histidine to urocanic acid 
(UCA) in the upper layers of the epidermis. UCA 
has been suggested to be an important UV photo-
protectant as it has a high extinction coeffi cient in 
the wavelength range from 260 to 310 nm [ 67 ,  68 ], 
and it was for several years used as a component 
of commercial sunscreens [ 69 ]. All the prevalent 
 FLG  mutations are either nonsense or frameshift 
mutations that result in loss of fi laggrin production 
in the epidermis [ 70 ]. Because of the lower levels 
of fi laggrin, individuals with  FLG  mutations have 
reduced levels of epidermal UCA and thereby 
reduced UCA- mediated absorption of UVB. 
This should, in theory, lead to a higher photocon-
version of 7-DHC to previtamin D 3  and thereby 
higher levels of 25(OH)D 3  and 1,25(OH) 2 D 3 . 
This hypothesis is supported by in vitro experi-
ments demonstrating that knockdown of fi laggrin 
increased UVB sensitivity [ 71 ], by in vivo experi-
ments demonstrating that mice with a mutated his-
tidase gene have reduced levels of UCA in the skin 
and show increased sensitivity to UVB radiation 
[ 66 ], and fi nally by fi ve general population stud-
ies that showed that  FLG  mutation carriers have 
10 % higher mean serum 25(OH)D 3  levels than 
controls [ 72 ]. How  FLG  mutations infl uence the 
local concentration of 1,25(OH) 2 D 3  is not known, 
but it could well be assumed to augment the con-
centration and thereby have an impact on immune 
responses. 1,25(OH) 2 D 3  also stimulates keratino-
cytes and macrophages to increased production 
of the antimicrobial peptide cathelicidin, which 
might be of benefi t for AD patients [ 73 ,  74 ].     
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6.1            Filaggrin-2: The Structural 
Relation 

 Human fi laggrin-2 (also known as ifapsoriasin) 
is another member of the S100 fused-type pro-
tein (SFTP) family [ 1 ,  2 ]. As the other genes of 
this family, the  fi laggrin - 2  gene is encoded within 
the epidermal differentiation complex (EDC) on 
human chromosome 1q21.3. In the cluster of so 
far seven known SFTPs, it is fl anked by the genes 
of  pro - fi laggrin  (centromeric) and  cornulin  (telo-
meric). As it is long known for pro-fi laggrin, all 
SFTPs are organized in a very similar way on 
genomic and protein level (Fig.  6.1 ). The gene 
consists of three exons of which the fi rst small 
one (around 50 bp in humans) is noncoding. 
Whereas the second exon (in humans around 
150–160 bp) carries the start codon and the cod-
ing sequence for the S100 domain, the very large 
third exon (up to several kb in size) carries the 
EF hand domain and remaining coding sequence. 
The deduced protein contains an N-terminal 
potential Ca 2+ -binding S100/EF hand domain that 
is homologous to the S100A proteins’ N-terminal 
domain. This domain is “fused” to a multiple 
tandem repeat region, a structural  characteristic 
attributed to the cornifi ed envelope (CE) pre-
cursor proteins involucrin and loricrin and the 
small proline-rich repeat proteins, the SPRRs [ 3 ]. 
Within this repetitive region, the repeats strongly 
differ in size and sequence among the proteins. 
Usually repeats are fl anked by an N-terminal 
spacer and a C-terminal sequence unique to each 
protein. In case of fi laggrin- 2, its protein sequence 
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  Fig. 6.1    S100 fused-type protein structure on genomic 
and protein level. ( a ) Conserved genomic structure shared 
by all SFTPs. The fi rst small exon is noncoding; the 
slightly larger exon 2 contains the 5′ untranslated region, 
the ATG start codon, and the coding sequence for the fi rst 
47 amino acids; and the very large exon 3 carries the 
remaining coding sequence and the 3′ untranslated region. 
The sizes of exons and introns are indicated for human 

 fi laggrin - 2 . ( b ) Structure of human and murine fi laggrin-2 
as well as human pro-fi laggrin. The repeats of the respec-
tive protein are shown in different shadings. For human 
pro-fi laggrin a 10-repeat variant is shown, where the com-
plete fi laggrin units are fl anked N- and C-terminal by 
truncated repeats. The amino acids length of the proteins 
is indicated underneath each column       

is 2,391 amino acids long, which correspond to a 
molecular mass of 248 kDa and a pI of 8.45 (see 
Fig.  6.1b ). With almost 67 % similarity and 86 % 
identity and 60 % similarity and 83 % identity, 
respectively, the fi laggrin-2 N-terminal S100/
EF hand domain is most similar to that of horn-
erin and  pro- fi laggrin. The N-terminal domain 
is then followed by a 385-amino-acid-spanning 
spacer region (corresponding to the B-domain 
in pro- fi laggrin) of unknown function. Whereas 
pro- fi laggrin has only one type of repeat, fi lag-
grin-2 is composed of two types of repeats, the 
so-called A- and B-type repeats. Both types are 
similar in length (75 or 77 amino acids) but vary 
in sequence. They are rich in serine (~32 %) 
and glycine (~28 and 17 %, respectively). Even 
though the repeats are not rich in lysine, they 
contain a high amount of glutamine (~15 and 

8 %, respectively). Those amino acids are can-
didates to function as glutamine acceptor site for 
the formation of protein-protein cross-links dur-
ing keratinocyte differentiation [ 4 ,  5 ]. The nine 
A-repeats show homology to hornerin repeats, 
while the B-repeats are rather homologous to 
a part of the 324- to 325-amino-acid-spanning 
fi laggrin repeats [ 2 ]. The C-terminus, 88 amino 
acids in length, shows sequence similarities to 
the pro-fi laggrin C-terminus. In summary, fi lag-
grin- 2 can be considered as a “fused-type” pro-
tein in two aspects: it shares sequence similarity 
with both hornerin within the N-terminal and 
A-type repeat region and fi laggrin in the B-type 
repeat and C-terminal region, therefore not only 
“fusing” structural characteristics of S100 and 
CE precursor protein structures but also features 
of two other SFTP family members.
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   The sequences of human, mouse, and rat 
pro- fi laggrin contain at least one nuclear local-
ization signal (NLS) that shows the typical 
sequence for bipartite NLS [ 6 ,  7 ]. For the pro-
fi laggrin N-terminal/B-domain, a translocation 
into the nucleus and the functionality of NLS 
were clearly shown [ 6 ,  8 – 10 ]. The pro-fi laggrin 
N-terminal domain may play a substantial role 
in the change in gene expression and nuclear 
loss during the terminal differentiation process 
and probably even in wound healing. When 
analyzing the human fi laggrin-2 sequence for 
an NLS with the subcellular localization predic-
tion program PSORT II [ 11 ], no bipartite NLS 
is detected, but three monopartite-like sequences 
in the N-terminal spacer sequence (aa100–103, 
overlapping with aa101–104) as well as in the 
B1 repeat (aa1266–1269). The cleavage of the 
N-terminal domain is an essential step during 
the processing of pro-fi laggrin to active fi laggrin 
subunits and in consequence for the translocation 
of the N-terminal domain(s) into the nucleus [ 8 , 
 12 ,  13 ]. For human pro-fi laggrin it was shown to 
be cleaved in vitro by furin [ 6 ], and both mouse 
and rat pro-fi laggrin B-domain sequences also 
possess canonical furin cleavage sites. Except 
for the rat sequence, where two sites are located 
within the B-domain, the cleavage site in both the 
human and mouse pro-fi laggrin sequences is situ-
ated at the very end of their respective B-domain 
[ 12 ]. A prediction tool developed for propeptide 
cleavage sites as by the subtilisin-like propro-
tein convertases furin (ProP1.0,   http://www.cbs.
dtu.dk/services/ProP    , [ 14 ]) highlighted within 
the 10-repeat variant of human pro-fi laggrin 22 
further potential furin cleavage sites additional 
to the already known at R 293 , among those four 
more of the canonical type (R X R/K R↓, [ 15 ], 
at R 789 , R 2886 , R 3210 , R 3858 ). For human fi laggrin-2 
the prediction tool predicts three potential furin 
cleavage sites after amino acids R 183  within the 
N-terminal spacer sequence, R 1269  located in the 
B1 repeat, and R 2324  in the C-terminus. The cleav-
age site at R 1269  shows the highest score and is 
the only one out of these three sites to possess 
a furin consensus sequence. Nothing is known 
so far about the functionality of these predicted 
cleavage sites of fi laggrin-2. 

 The mouse  fi laggrin - 2  gene is located on 
mouse chromosome 3F2.1, which is syntenic to 
the region of the human EDC [ 16 ]. Its genomic 
and protein organization is similar to that of the 
other human and murine SFTPs. With 2,362 
amino acids, the murine protein is slightly 
smaller than its potential human ortholog and 
has a predicted molecular mass of approxi-
mately 250 kDa and a pI of 7.66 (see Fig.  6.1b ). 
Its N-terminal domain sequence shares almost 
89 % identity and 96 % similarity with the 
human N-terminal fi laggrin-2 domain [ 17 ]. 
The repeat organization of murine fi laggrin-2 
differs from that of the human; it contains 14 
repeats similar to the B-repeats of the human 
fi laggrin-2 (see Fig.  6.1b ). The repeats are 
73–80 amino acids in length and also are rich 
in serine, glycine, glutamine, proline, arginine, 
and histidine, as known for the human fi lag-
grin-2 and fi laggrin [ 2 ,  17 ]. The numerous glu-
tamine and various lysine residues, which are 
exclusively located outside the repeat units, can 
possibly serve as donor or acceptor sides for 
cross-linking [ 4 ,  5 ]. Instead of A-repeats, the 
corresponding region in the murine ortholog 
is not organized in repetitive units, yet similar 
in sequence composition (see Fig.  6.1b ). The 
C-terminus of mouse fi laggrin-2 spans 325 
amino acids, exceeding the length of the human 
C-terminus by far, and is only partially similar 
to the human sequence. As in the human fi l-
aggrin-2 sequence, a bipartite NLS cannot be 
detected in the murine sequence. Nevertheless, 
a total of fi ve monopartite sequences of which 
all are located within the spacer/B-domain and 
some also overlapping according to PSORT 
II (aa100–103, 101–104, 151–154, 174–177, 
149–155) are identifi ed. The furin cleavage 
site prediction tool was able to fi nd four sites 
in mouse fi laggrin-2, of which two are located 
within the N-terminal spacer/B-domain (cleav-
age after R 511  with the highest score and R 679 ) 
and two within the third (R 1122 ) and seventh 
repeats (R 1442 ), respectively. Just as little as is 
known about the role of the human fi laggrin-2 
N-terminal domains, the same is true for the 
murine N-terminal domains and they therefore 
remain subject of investigation.  
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6.2     Filaggrin-2: The Functional 
Relation 

 The members of the S100 fused-type proteins 
are mainly expressed and analyzed in skin, skin 
appendages, and other keratinized epithelial tis-
sues. Most of them are regulated in skin during 
terminal differentiation at the transition of kerati-
nocytes to corneocytes. Differentiation is a Ca 2+ -
dependent process; therefore, most of the SFTPs 
(and other differentiation markers as loricrin and 
involucrin) are expressed in a Ca 2+ -dependent 
manner in keratinocytes, and their expression is 
inducible by an elevated Ca 2+  level in cultivated 
keratinocytes [ 1 ,  17 – 27 ]. Similar to pro-fi laggrin, 
a long-known marker of keratinocyte differentia-
tion, human  fi laggrin - 2  was found to be highly 
upregulated during keratinocyte differentiation 
[ 1 ], suggesting an involvement during the pro-
cess of terminal differentiation. The differenti-
ation-dependent expression of fi laggrin- 2 was 
confi rmed and shown on mRNA and/or protein 
level to be expressed in skin in different loca-
tions, as well as on mRNA level in the thymus, 
esophagus, tonsils, stomach, testis, and placenta, 
but not kidneys, pancreas, mammary gland, blad-
der, thyroid, salivary gland, trachea, and phar-
ynx [ 2 ]. Immunohistochemistry revealed strong 
staining in distal parts of the hair but only scat-
tered staining in central and proximal parts of 
the outer root sheath as well as in sections of the 
esophagus, testis, and tonsils for fi laggrin-2 pro-
tein [ 2 ]. Furthermore, its mRNA is upregulated 
in cultivated keratinocytes by an elevated Ca 2+  
level pointing to an involvement during differ-
entiation. The protein seems to co-localize—at 
least partially—with pro-fi laggrin in keratohya-
lin granules in the stratum granulosum and stra-
tum corneum [ 2 ,  28 ]. An identical expression 
pattern is seen for the potential mouse ortholog. 
It is expressed in skin and related tissues (nose, 
tongue, paw pad, esophagus, forestomach) and is 
also upregulated upon Ca 2+  stimulation in  cultured 
mouse keratinocytes [ 17 ]. In both human and 
murine skin, fi laggrin-2 shows a comparable 
intense staining in the upper stratum granulo-
sum and the lower stratum corneum (Fig.  6.2 ) 
[ 2 ,  29 ]. The disappearance of immune reactivity 

in the upper parts of the stratum  corneum might 
be due to extensive posttranslational modifi ca-
tions as cross-linking, formation of disulfi de 
bridges, deimination, or degradation, as already 
well known for pro-fi laggrin.

   The N-terminal S100/EF hand domains, which 
are potential Ca 2+ -binding domains, have been 
shown to be functional and indeed are able to bind 
Ca 2+  ions for human and mouse pro- fi laggrin, pig 
trichohyalin, human cornulin, human repetin, and 
mouse fi laggrin-2 [ 22 ,  23 ,  30 – 32 ]. Due to the high 
similarity of the N-terminal S100/EF hand domain 
among the SFTP members, it seems to be likely 
that these are functional in human fi laggrin-2 and 
also have the ability of binding Ca 2+  ions. 

 In contrast to pro-fi laggrin, the information 
about the function of fi laggrin-2 is rather sparse. 
The large protein is most likely stored in keratohya-
lin granules [ 2 ] and subsequently processed and 
modifi ed as known for pro-fi laggrin [ 2 ,  29 ]. During 
its extensive processing that is highly important for 
the correct function of its subunits, pro-fi laggrin is 
dephosphorylated, citrullinated, and cleaved by a 
variety of enzymes (reviewed in [ 33 ,  34 ]). 

 For the dephosphorylated processed fi laggrin 
monomers, it is known that these are responsible 
for the bundling of keratin fi laments [ 35 ,  36 ] that 
might also be responsible for a collapse of the 
intermediate fi lament network and change in the 
cell shape of keratinocytes in the upper stratum 
granulosum [ 37 ]. Indeed a murine fi laggrin-2 
repetitive unit is able to aggregate isolated bovine 
keratin fi laments in vitro [ 38 ], one of the main 
functions attributed to the fi laggrin subunits. 

 Upon Western blot analyses, immunoreac-
tive fi laggrin-2 bands of lower molecular mass 
than the full-length protein indicate a processing 
of the large precursor protein [ 2 ,  29 ]. Calpain 1 
was identifi ed to be one protease being respon-
sible for the cleavage of fi laggrin-2 in vitro and 
in vivo [ 29 ], which is also known to cleave citrul-
linated fi laggrin into smaller fragments [ 29 ,  39 ]. 
Citrullination is a modifi cation of arginine resi-
dues that become deiminated. The responsible 
enzymes are peptidylarginine deiminases (PADs). 
In this context, it was shown that fi laggrin- 2 was 
utilized as a substrate by PADs 1 and 3, similarly 
to fi laggrin, and calpain 1 cleavage was even 
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more effi cient when fi laggrin-2 was citrullinated 
[ 29 ]. Not only genetic mutations of the  pro - fi l-
aggrin  gene lead to truncated and incompletely 
translated pro-fi laggrin that account for a reduced 
availability or lack of full-length protein and cor-
rectly processed subunits. Additionally to these 
mutations, also disturbed or defective transcrip-
tional, posttranscriptional, or posttranslational 
control and mutations or dysfunctions in process-
ing enzymes can account to a disease with insuf-
fi ciently processed pro- fi laggrin. For kallikrein 
5, it has been shown very recently that it is able 
to cleave pro-fi laggrin within the linker sequence 
and might therefore be involved in the process-
ing from pro-fi laggrin to fi laggrin [ 40 ]. Earlier it 
has been reported that pro-fi laggrin processing in 
SPINK5 knockout mice is enhanced, and in con-
sequence the fi laggrin monomers accumulate in 

the epidermis [ 41 ,  42 ]. This might be the case for 
other enzymes involved in pro-fi laggrin process-
ing and could also be taken into account for fi lag-
grin-2 and its processing. 

 Human fi laggrin-2 peptides of the N-terminal 
spacer region have been shown to be a compo-
nent of the CE, and some of its cysteines are 
involved in disulfi de bond formation following 
oxidation [ 43 ]. This confi rms the observation that 
fi laggrin-2 can only be detected in skin extracts 
treated with either urea, SDS, DTT, trypsin, or a 
combination of these and favors the hypothesis 
that it is poorly water soluble and—at least in 
part—covalently bound to other proteins in the 
CE [ 2 ,  29 ]. 

 In the layers of the upper stratum corneum, 
the citrullinated fi laggrin monomers are degraded 
into single amino acids which then—after further 

a

b

  Fig. 6.2    Immunohistochemical 
staining of human and murine 
skin. ( a ) Section of human 
cheek skin stained with an 
antibody purifi ed against the 
human N-terminal spacer 
region (amino acids 96–235). 
( b ) Section of murine trunk skin 
stained with an antibody 
purifi ed against the murine 
N-terminal spacer region 
(amino acids 96–231). Scale 
bar—50 μm       
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processing to urocanic acid (UCA, derived from 
histidine) and pyrrolidone carboxylic acid (PCA, 
derived from glutamine)—also serve as hygro-
scopic “natural moisturizing factors” of the skin 
to retain water and as UV protection (reviewed in 
[ 44 ,  45 ]). Due to the similar amino acid compo-
sition of fi laggrin-2 B-repeats and fi laggrin, it is 
possible that its function is partially correspond-
ing to that of fi laggrin subunits. Possibly having 
a similar fate of proteolytically processing and 
modifi cation, they might be able to reinforce or 
support the function of fi laggrin subunits and also 
contribute to the generation of natural moisturiz-
ing factors and UV protection of the skin. 

 There is also some evidence from proteomic 
analyses for posttranslational modifi cations of 
fi laggrin-2 such as acetylation, ubiquitinylation, 
and phosphorylation in other cell types than kera-
tinocytes, but this has to be analyzed in more 
detail [ 46 – 48 ]. 

 The epidermis as the outermost barrier of the 
skin is in permanent contact with external fac-
tors. It is important for the barrier function of the 
skin to immediately react to environmental and 
internal challenges such as xenobiotics or toxic 
substances by sustaining or improving the dif-
ferentiation process of keratinocytes to ensure 
the integrity of the barrier. The skin as a barrier 
organ is constantly in contact with oxygen and 
therefore exposed to high levels of ROS (reac-
tive oxygen species); therefore, an effi cient ROS 
quenching mechanism is required [ 43 ]. Besides 
the SPRRs, also fi laggrin-2, loricrin, and kera-
tinocyte proline-rich protein have been found to 
be involved in the ROS quenching ability of the 
CE. These proteins are able to reduce ROS via 
the formation of disulfi de bonds of cysteines and 
further oxidation [ 43 ]. So fi laggrin-2 can also 
function as a protection protein against hazard-
ous substances, either external or internal. 

 Gene expression of  fi laggrin - 2  has been found 
to be regulated upon dioxin treatment [ 49 ,  50 ]. 
Presumably dioxins are involved in the devel-
opment of infl ammatory and allergic diseases, 
including dermatitis and chloracne [ 51 ]. In 
dioxin-treated mouse hepatoma cells,  fi laggrin - 2  
expression is downregulated [ 50 ], whereas it has 
been found to be upregulated in  dioxin-treated 

normal human keratinocytes [ 49 ]. The response 
to dioxin or other xenobiotics is known to be 
mediated by the aryl hydrocarbon receptor 
(AhR). Upon ligand binding (e.g., dioxin-like 
compounds, polycyclic aromatic hydrocarbons), 
the cytosolic AhR translocates into the nucleus 
and binds to a nuclear transcription factor, 
ARNT (AhR nuclear translocator). This AhR/
ARNT complex then is able to interact with DNA 
regions, so-called XREs (xenobiotic response 
elements). The binding to XREs then modulates 
the expression of genes that carry these elements 
in their regulatory DNA sequence. Some of the 
SFTP genes, as  fi laggrin - 2 , are known to carry 
XREs and respond to AhR/ARNT-mediated sig-
nals [ 49 ,  52 ]. Interestingly, mice with a constitu-
tively active AhR exhibit skin lesions as typically 
seen in atopic dermatitis (AD) [ 51 ], indicating a 
disordered regulation of the skin barrier proteins. 

 Just as little as is understood about the function 
and involvement of fi laggrin-2 in cellular processes 
is currently known about contribution in or to dis-
ease. Since fi laggrin-2, like several other members 
of the SFTP family, is a marker of terminal differ-
entiation in keratinocytes, it is supposed to be 
affected in skin-related diseases as AD or psoriasis. 
Mutations in the  pro - fi laggrin  gene are apparently 
not associated with psoriasis [ 53 ] but with AD, ich-
thyosis vulgaris, and some types of allergies, which 
probably are at least partially caused by a defective 
skin barrier function [ 54 – 59 ]. 

 To date, no association between mutations 
in  fi laggrin - 2  and AD or psoriasis has been 
documented. Although the  fi laggrin - 2  genomic 
sequence contains almost four hundred anno-
tated SNPs (single nucleotide polymorphism; 
UCSC genome browser,   http://genome.ucsc.edu    , 
accessed in April 2013), so far none of them was 
confi rmed to be associated with a certain disease. 
One study considered  fi laggrin - 2  as candidate 
gene to be involved in early-onset psoriasis, but 
no signifi cant correlation was found [ 60 ]. Even 
though mutations in the  pro - fi laggrin  gene repre-
sent the strongest currently known predisposition 
factors of both ichthyosis vulgaris and AD [ 55 , 
 59 ,  61 ], correlations of SNPs in  fi laggrin - 2  to 
AD have not been found [ 62 – 64 ]. Nevertheless, 
a regulated expression of fi laggrin-2 on both 
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mRNA and protein levels has been observed in 
AD, in psoriasis, or under similar disease-like 
conditions [ 2 ,  64 – 67 ]. 

  Filaggrin - 2  expression is even more downreg-
ulated than that of  pro - fi laggrin  in lipid raft- 
disrupted keratinocytes, a situation that is 
described as resemblance of AD concerning its 
transcriptional profi le [ 68 ]. At the protein level, a 
downregulation has been observed in nonlesional 
and even more in lesional skin samples of AD 
patients [ 64 ]. Although mutations in the  fi laggrin -
 2     gene seem not to be associated directly with 
AD, other factors affect the expression of  fi lag-
grin - 2  on transcriptional level: it was shown on 
both mRNA and protein levels that fi laggrin-2 
was strongly downregulated by the T H 2- associated 
cytokines IL-4, IL-13, and IL-25, but not infl u-
enced by IL-22 [ 64 ,  69 ]. A regulation via the T H 2 
cytokines IL-4, IL-13, and IL-25 has been shown 
before for fi laggrin [ 70 ,  71 ] and has been con-
fi rmed together with a similar regulation of horn-
erin [ 64 ]. In early- and acute-phase AD, those T H 2 
cytokines are known to play an important role in 
the development and manifestation of the disease 
and now have been shown to modulate the expres-
sion of SFTPs, suggesting an involvement for 
them in disease development and progression. 

 Several factors can account for a disturbed bar-
rier. Besides skin diseases that are characterized 
by a disturbed skin barrier function, the epidermis 
can come in contact with potentially noxious sub-
stances or is subject to mechanical stress that also 
results in a disturbed barrier. Upon tape stripping, 
a downregulation of fi laggrin-2 mRNA and pro-
tein is seen in healthy skin as well as in nonlesional 
AD and psoriatic skin [ 72 ]. The downregulation is 
similar for other SFTP members  pro - fi laggrin  and 
 repetin , but hornerin showed a converse regula-
tion on both mRNA and protein levels. The same 
converse regulation could be observed for SDS-
treated healthy skin. Interestingly, the relative 
change of hornerin, pro-fi laggrin, and fi laggrin-2 
protein levels is similar in healthy skin compared 
to uninvolved AD and psoriasis skin upon bar-
rier disruption treatment [ 72 ], although these 
SFTPs are all less expressed in nonlesional and 
lesional AD skin compared to healthy skin [ 64 ]. 
Somehow the regulation upon a mechanical- or 

 detergent- induced barrier  disruption seems to dif-
fer from a disease-associated disturbed barrier for 
the different SFTPs. 

 In hairless SKH-1 mice, neither the murine 
 fi laggrin - 2     nor  pro - fi laggrin  expression was 
signifi cantly changed upon an acetone-induced 
barrier disruption, whereas SKH-1 mice fed an 
essential fatty acid-defi cient (EFAD) diet exhib-
ited an opposed regulation of  fi laggrin - 2  and  pro - 
fi laggrin    , with a signifi cant downregulation for 
 fi laggrin - 2  but upregulation for  pro - fi laggrin  [ 17 ]. 
This reduction for fi laggrin-2 is also clearly seen 
at protein level in immunohistochemical staining 
of EFAD mice skin. The EFAD mice develop a 
metabolically induced barrier dysfunction due 
to the lack of essential fatty acids. That leads to 
an altered lipid organization where linoleic acid 
is replaced by oleic acid in ceramide 1 [ 73 ,  74 ]. 
This results in an eczema-like skin phenotype 
displaying an elevated transepidermal water loss 
and epidermal hyperplasia that goes along with 
a raised DNA synthesis rate [ 75 – 77 ]. Under this 
barrier-disrupted conditions, protein levels of 
the basal keratins 5 and 14 are decreased, while 
increased for the suprabasal keratins 1 and 10 in 
EFAD mice [ 78 ]. Obviously the keratinocytes are 
shifted toward differentiating cells, which is caus-
ing the increased levels of differentiation markers 
such as keratins 5 and 14 and  pro - fi laggrin    , but 
interestingly not fi laggrin-2. 

 Preliminary results in our group suggest a 
regulation of  fi laggrin - 2  in other skin-related 
diseases; it was found to be upregulated in 
basal cell carcinoma, squamous cell carcinoma, 
and precancerous lesions and downregulated in 
psoriasis, acute allergic contact dermatitis, and 
infl amed skin. A similar regulation is seen in 
those samples for other SFTPs including  pro -
 fi laggrin  [ 65 ]. 

 In solid tumor lysates of skin melanoma in 
a melanoma mouse model, several fi laggrin-2 
peptides (mainly located within the repetitive 
region) were found [ 79 ], and a downregula-
tion of fi laggrin- 2 has been observed in another 
melanocyte- involved disease, the giant congeni-
tal melanocytic nevus [ 80 ]. In an approach to 
search for markers of atherosclerosis, a screening 
of atherosclerotic plaques by subtractive phage 

6 Filaggrin-2



56

display identifi ed fi laggrin-2 among 21 other 
proteins [ 81 ]. Even analyses of cellular proteins 
from human immunodefi ciency virus (HIV) 
type 1 isolated from infected monocyte-derived 
 macrophages revealed the presence of fi laggrin-2 
peptides [ 82 ]. 

 A more complex functional relevance becomes 
evident considering that human fi laggrin-2 frag-
ments have been identifi ed as potential interac-
tion partners of a variety of different molecules, 
such as Rho kinase 1 (ROCK1, [ 83 ]), an epider-
mal growth factor receptor (EGFR) antagonist 
[ 84 ], human cytomegalovirus DNA polymerase 
subunit UL44 [ 85 ], proliferating cell nuclear 
antigen (PCNA)-associated factor (PAF15, [ 86 ]), 
cyclin D1 [ 87 ], and the integrin β1 complex [ 88 ]. 

 ROCK1 (Ras homolog family member A 
(RhoA) kinase 1) is a kinase that only is active 
when bound to the GTP-bound RhoA. ROCKs 
are known to infl uence various cellular processes, 
among them ordering of the cytoskeleton, involve-
ment during assembling of stratifi ed epithelia 
[ 89 ], and keratinocyte differentiation [ 90 ]. One of 
the most important functions of fi laggrin subunits 
is to assemble keratin fi laments into bundles [ 37 ], 
but it also affects other cytoskeletal fi laments as 
actin and is capable of disrupting the arrangement 
of desmosomal proteins [ 91 ]. Taking these 
together, fi laggrin-2 might also be able to infl u-
ence the formation of a proper barrier during kera-
tinocyte differentiation in various ways. 

 The treatment of cultured keratinocytes with 
epidermal growth factor (EGF) decreased the 
 fi laggrin - 2     gene expression 20-fold [ 49 ]. EGF 
as growth factor stimulates the proliferation of 
keratinocytes and vice versa inhibits differen-
tiation [ 92 – 94 ]. Filaggrin-2 expression is rather 
localized to the upper suprabasal layers of the 
epidermis, the stratum granulosum and the stra-
tum corneum, indicating that proliferating cells 
express no or barely any fi laggrin-2. So either 
keratinocytes are in the state of proliferation 
providing new cells to differentiate in the stra-
tum basale or the cells are differentiating in the 
suprabasal layers and therefore changing their 
gene expression profi le accordingly. When then 
treated with EGF (or EGF receptor is activated), 
the cells get a proliferation signal and stop their 

differentiation program by either downregulating 
or abolishing gene expression for differentiation 
markers [ 93 ,  95 ]. This is also true for the SFTPs 
 fi laggrin ,  repetin ,  hornerin , and  fi laggrin - 2  [ 49 ]. 
Filaggrin-2 peptides have been identifi ed to inter-
act with the EGF receptor antagonist AX14596. 
This is an immobilized derivate of gefi tinib, a 
small EGF receptor inhibitor and tumor growth 
suppressor. Considering this, it might be possible 
that fi laggrin-2 can also interfere with the signal 
transduction of EGF or EGF receptor by block-
ing proliferation signals in keratinocytes that 
then lead to differentiation. 

 In human cytomegalovirus-infected foreskin 
fi broblasts, fi laggrin-2 peptides were identifi ed as 
interaction partner of the UL44 accessory subunit 
of the human cytomegalovirus DNA polymerase 
[ 85 ]. This subunit interacts with both DNA and the 
polymerase catalytic subunit. UL44 clamps the 
DNA as a homodimer and shows a high structural 
similarity to the eukaryotic processivity factor of 
DNA polymerases δ and ε, PCNA (proliferating 
cell nuclear antigen) [ 96 – 99 ]. PCNA as a proces-
sivity factor is involved not only in DNA replica-
tion but also in DNA repair and cell cycle control 
[ 100 ,  101 ]. Among others as cyclin D1 and the 
cyclin-dependent kinase inhibitor p21 (reviewed 
in [ 101 ]), one of the PCNA interacting factors 
is the PCNA-associated factor, PAF15. PAF15 
is able to bind to PCNA via a conserved motif 
and is primarily located in the nucleus [ 102 ]; its 
expression peaks during G2/M phase and seems 
to be involved in cell cycle regulation [ 86 ,  103 ]. 
Filaggrin-2 has been detected to interact with 
both the viral DNA polymerase subunit UL44 
and PAF15 [ 85 ,  86 ]. Since the two proteins are 
mainly located in the nucleus, it might be point-
ing to a nuclear localization and also function for 
fi laggrin-2 fragments, as already known for the 
pro-fi laggrin N-terminal domains [ 6 ,  8 – 10 ]. 

 An involvement of fi laggrin-2 in cell cycle 
regulation is furthermore supported by interaction 
with cyclin D1 [ 104 ]. Cyclins are proteins that are 
playing an important role during cell cycle pro-
gression. The expression of most cyclins peaks in 
a certain phase of the cell cycle; the expression of 
others—as cyclin D—is present throughout the 
complete cycle but in different concentrations. 
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They can only act together with a correspond-
ing kinase, the cyclin-dependent kinase. The type 
D cyclins are responsible for progression of the 
G1 phase. Rat epidermal keratinocytes, trans-
fected with a tetracycline- inducible overexpres-
sion plasmid containing the coding sequence of 
a fi laggrin subunit without linker sequence, dis-
played a disruption of the cytoskeleton, altered 
distribution of desmosomal components, and cell 
cycle arrest in S/G2 phase [ 91 ]. The association 
of fi laggrin-2 with cell cycle regulation points to 
an involvement of the SFTPs maybe in cell cycle 
exit at a very early step of differentiation as pos-
tulated for fi laggrin [ 91 ]. 

 In precipitates of β1 integrin complexes, fi lag-
grin- 2 peptides were discovered in Jurkat cells and 
platelets. The β1 integrin is present on epidermal 
stem cells in high amounts in the basal layer of the 
epidermis and is therefore considered as a stem 
cell marker in keratinocytes [ 105 ]. This integrin is 
necessary for the basal keratinocyte to attach to the 
basement membrane [ 106 ], and this adhesion in turn 
prohibits terminal differentiation. In consequence, 
only cells detached from the basement membrane 
will be able to differentiate. Nevertheless, β1 integ-
rins seem not to be essential for the survival or the 
differentiation of keratinocytes [ 107 ,  108 ]. The β1 
integrin is also able to interact with the EGF recep-
tor [ 104 ], and upon a conditional knockdown of 
β1 integrin in chondrocytes, the cyclin D1 amount 
was diminished, leading to impaired G1/S transi-
tion [ 109 ]. Filaggrin-2 peptides have been detected 
as possible interacting partners for both an EGF 
receptor inhibitor and cyclin D1, as well as for inte-
grin β1 [ 84 ,  87 ,  88 ]; it can be speculated that fi lag-
grin- 2 might be involved directly and indirectly via 
interaction partners in regulation of cell cycle and 
differentiation. 

 Filaggrin-2 was also detected as an interaction 
partner within autophagy networks [ 110 ]. The pro-
cess of keratinocyte differentiation with the forma-
tion of corneocytes is a unique type of programmed 
cell death that differs from canonical apoptosis 
[ 111 – 113 ]. The normal turnover time of a keratino-
cyte to differentiate is about 4 weeks from  stratum 
basale  to desquamation in the  stratum corneum , 
making it a rather slow process [ 105 ] compared to 
apoptosis, which is a relatively fast process  occurring 

within several hours. During apoptosis the chroma-
tin and the cytoplasm condense, the DNA is frag-
mented in a very characteristic way, the cytoskeleton 
assembly is broken down, and also organelles are 
affected. In this context, autophagy (“self-eating”) 
sometimes goes hand in hand with apoptosis, and 
sometimes it is able to prevent apoptosis [ 114 ]. 
During differentiation the corneocytes in the  stratum 
corneum  are characterized by the lack of the nucleus 
and organelles. So possibly during differentiation, an 
autophagy-like process might be involved. 
Filaggrin-2 as a protein related to the differentiation 
process could also be able to affect apoptotic-like 
programmed cell death processes during terminal 
differentiation. 

 Filaggrin-2 peptides also were found in cervi-
covaginal fl uids [ 115 ] and in aqueous humor 
(a liquid of the anterior and posterior chamber of 
the eye) after cataract surgery [ 116 ]. This points 
to fi laggrin-2 playing a role in other barrier organs 
and not only in skin, in either structural or other 
functions. 

 Taking all these fi ndings together, fi laggrin-2 
not only seems to be expressed as a consequence 
of differentiation of keratinocytes as a structural 
component but might be an element in networks 
as interactor and regulator of a variety of cellular 
processes related to differentiation, for example, 
also somehow affecting cell cycle regulation and 
proliferation. It contributes to maintain the bar-
rier integrity of the skin and might also be a sus-
ceptibility factor for certain diseases or could 
compensate in those diseases characterized by a 
constrained or lost function of fi laggrin.     
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7.1            Introduction 

 The roles of human fi laggrin in health and dis-
ease have been modeled with experimental ani-
mal models, mostly mice (Table  7.1 ). Mouse 
models have provided important information rel-
evant to the roles of fi laggrin, but it must be 
always considered that mice are not humans and 
that the role of fi laggrin in skin pathology and/or 
physiology still remains unclear. Most altered 
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expression levels or pattern of fi laggrin could 
appear as a result of abnormal keratinization and 
may not be substantial. Moreover, the processing 
appears to depend on the strain of mice. Although 
mature fi laggrin is detected in the skin of 
C57BL/6 mouse, it is reduced in the skin of C3H 
mouse and BALB mouse (Fig.  7.1 ). Therefore, 
careful attention is necessary for interpretation of 
experiments utilizing animal models.

7.2         The Discovery of Filaggrin 
in Animal Models (Mouse 
and Rat) 

 In 1981, Steinert et al. isolated a class of cationic 
structural proteins from the stratum corneum of 
mouse epidermis [ 1 ]. The protein associated spe-
cifi cally with intermediate fi laments but not with 

   Table 7.1    Animal models for fi laggrin research   

  Filaggrin gene-mutated mouse and fi laggrin-null 
mouse  
 Flaky tail mouse 
 Filaggrin-null mouse 
  Mutant mice with abnormal fi laggrin expression  
 Epilation mutant mouse 
 Pupoid fetus mutant mouse 
 SENCAR mouse 
 Flaky skin mouse 
 Epidermal-specifi c glycosylphosphatidylinositol-
anchor- defi cient mouse 
 Mouse lacking the C-terminal region of connexin43 
 Peroxisome-proliferator-activated receptor-γ-defi cient 
mouse 
 25OHD 1α-hydroxylase knockout mouse 
 Spermidine/spermine N1-acetyltransferase transgenic 
mouse 
 Nude mouse 
 Spink5 (R820X/R820X) mouse 
 CAP1/Prss8-defi cient skin mouse 
 Heterozygous Inv-Cldn6 mouse 
 DHCR24−/− mouse 
 Arnt-null skin mouse 
 12R-LOX-defi cient mouse 
 Caspase-14-defi cient mouse 
 PPARβ/δ knockout mouse 
 Glucocorticoid receptor knockout mouse 
 AP-2γ-defi cient mouse 
 High-chimeric Hai-1/Spint1(−/−) mouse 
 St14 transgenic mouse 
 ELA2 overexpressing transgenic mouse 
 UBC-Taps mouse 
 Abca12-disrupted mouse 
 BMP-receptor-IB transgenic mouse 
 CB1R and CB2R knockout mouse 
  Chemicals or UV exposure that alters the expression 
of fi laggrin in mice  
 Retinoic acid 
 Cantharidin 
 12-O-tetradecanoylphorbol-13-acetate 
 UVB 
  Filaggrin in other animals  
 Porcine 
 Guinea pig 
 Pup 
 Dog 
 Snake 
 Bird 
 Gecko lizard 
 Crocodile 

Filaggrin (M290)

250

150

100

75

50

37

25

20

15

B6 C3H BALB

  Fig. 7.1    Western blot analysis of fi laggrin expression in 
the skin of C57BL/6 (B6), C3H, and BALB mouse       
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other types of cytoskeletal proteins. They named 
the protein “fi laggrin.” The presence of a human 
fi laggrin was confi rmed 2 years later [ 2 ]. In 1987, 
Fisher et al. demonstrated the localization of pro- 
fi laggrin mRNA in newborn rat skin by in situ 
hybridization [ 3 ], and Rothnagel et al. character-
ized the gene for mouse epidermal fi laggrin pre-
cursor [ 4 ]. In 1988, fi laggrin was confi rmed as a 
component of the cell envelope of the newborn 
rat [ 5 ]. Rothnagel et al. studied the structure of 
the mouse fi laggrin gene ( FLG ) [ 6 ]. Mouse and 
rat fi laggrins are very similar at both the nucleic 
acid and amino acid levels [ 4 ]; however, in con-
trast, mouse and human fi laggrins have almost no 
sequence homology [ 7 ]. Although human fi lag-
grin repeats show heterogeneity in their composi-
tion, the fi laggrin repeats of rat and mouse show 
more than 90 % identity in amino acid sequence 
due to their inbred strains [ 6 ]. There are two 
types of fi laggrin repeats in the mouse gene: 255 
amino acid long and 250 amino acid long [ 6 ,  8 ]. 
The number of fi laggrin repeats depends on the 
strain of mice. In 2002, Pearton et al. demon-
strated that the mouse pro-fi laggrin N-terminus 
undergoes proteolytic processing in two steps, 
fi rst releasing an N-terminal peptide containing 
some fi laggrin sequence and fi nally the free 
N-terminus of 28–30 kDa [ 9 ].  

7.3     Filaggrin Gene-
Mutated Mouse  and 
Filaggrin-Null Mouse  

 There are two animal models, in which the direct 
functions of fi laggrin have been studied. 

7.3.1     Flaky Tail Mouse 

 The fl aky tail mouse has been utilized to inves-
tigate the direct functions of fi laggrin (Fig.  7.2 , 
Table  7.2 ). The mouse arose spontaneously in 
1958 at The Jackson Laboratory, and two distinct 
mutations on chromosome 3, fl aky tail ( ft ) and 
matted hair ( ma ) allele, were reported in 1972 
[ 10 ]. These two mutations are tightly linked and 
maintained as a compound, but their phenotypes 

do not overlap. Presland et al. showed the loss of 
normal pro-fi laggrin and fi laggrin in the fl aky tail 
mouse. The fl aky tail mouse expresses a lower-
molecular- weight form of pro-fi laggrin (220 kDa) 
instead of normal molecular  pro- fi laggrin 

  Fig. 7.2    Flaky tail mouse       

   Table 7.2    Summary of fl aky tail mouse   

  Genetic abnormality  
  bp deletion (5303delA) in murine  Flg  gene 
   ma  mutation 
  Epidermal abnormality  
 Structure 
   A lower-molecular-weight form of pro-fi laggrin 

(220 kDa) instead of normal molecular pro-fi laggrin 
(500 kDa) 

  Abnormal fi laggrin processing 
  Abnormal keratohyalin F granules formation 
  No cornifi ed layer 
   Reduced expression of loricrin, epidermal growth 

factor receptor, E-cadherin, and occludin 
 Function 
  Elevated transepidermal water loss 
   Elevated outside-to-inside skin penetration of foreign 

materials 
  Immune abnormality  
 Steady state 
   Increased levels of IgE in the serum and CD4/CD8 

cells in the skin-draining axillary and inguinal lymph 
nodes 

 Allergen (ovalbumin) exposure 
   Exacerbated skin infl ammation and cytokine 

productions: IL-4, IL-5, IL-13, INF-γ, IL-10, and 
IL-17 
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(500 kDa). The abnormal pro-fi laggrin does not 
form normal keratohyalin F granules and is not 
proteolytically processed to fi laggrin. Hence, 
fi laggrin is absent from the cornifi ed layers in 
the epidermis. Due to these observations, they 
suggested the mouse as an animal model for the 
fi laggrin- defi cient skin disease ichthyosis vul-
garis [ 11 ]. A 1-bp deletion (5303delA) in murine 
 Flg  gene is detected in fl aky tail mouse [ 12 ]. By 
backcrossing on the C57BL/6 background, it 
is possible to remove the  ma  allele in fl aky tail 
mouse. Even in the backcrossed fl aky tail mouse, 
the disturbed barrier function and subsequent 
enhanced percutaneous allergen priming could 
be observed in the mouse, suggesting that the 
mouse is a model of atopic dermatitis with barrier 
dysfunction [ 13 ]. In fact, spontaneous dermatitis 
in fl aky tail mouse under specifi c pathogen-free 
conditions is clinically observed after 5 weeks. 
Transepidermal water loss and outside-to-inside 
skin penetration of foreign materials are elevated 
in the mouse, indicating a skin barrier abnormal-
ity. The barrier dysfunction is also supported as 
the reduced expression of loricrin, epidermal 
growth factor receptor, E-cadherin, and occlu-
din is reduced in the skin of fl aky tail mice [ 14 ]. 
The immune status of fl aky tail mouse in a steady 
state shows the increased levels of IgE in the 
serum and CD4/CD8 cells in the skin-draining 
axillary and inguinal lymph nodes [ 13 ]. Allergen 
(ovalbumin) exposure exacerbates skin infl am-
mation and cytokine productions: IL-4, IL-5, 
IL-13, INF-γ, IL-10, and IL-17 [ 12 ].

7.3.2         Filaggrin-Null Mouse 

 The fl aky tail mouse spontaneously has itchy skin 
lesions, providing an attractive model for atopic 
dermatitis research. However, the mouse does not 
completely lack fi laggrin, meaning that it was dif-
fi cult to show the precise roles of fi laggrin. 
Thereafter, fi laggrin-null mouse was a pure 
fi laggrin- defi cient mouse [ 15 ]. The mouse exhibits 
dry scaly skin. Although the levels of natural 
moisturizing factor (NMF) were decreased, hydra-
tion and transepidermal water loss are normal in 

the fi laggrin-null mice. Premature shedding of 
stratum corneum layers, increased desquamation 
under mechanical stress, and loss of keratin pat-
terns were reported in the fi laggrin- null mice. The 
repeated allergen (ovalbumin) exposure increases 
the serum levels of IgG 1  and IgE.   

7.4     Mutant Mice with Abnormal 
Filaggrin Expression 

 Numerous mutant mice show unique epidermal 
keratinization. The expression of fi laggrin is indi-
rectly deranged in some of these mice. 

7.4.1     Epilation Mutant Mouse 

 Repeated epilation (Er) is a radiation-induced, 
autosomal, incomplete dominant mutation in a 
mouse. The epidermis in Er/Er mouse is adhe-
sive, has a hyperplastic granular layer with 
 prominent keratohyalin granules, and fails to 
undergo terminal differentiation. The skin of Er/
Er mouse does not synthesize fi laggrin proteins 
but produces abnormal keratins [ 16 ].  

7.4.2     Pupoid Fetus Mutant Mouse 

 The epidermis of the pupoid fetus mutant mouse 
is invaded by cells from the dermis. These invad-
ing cells establish a network of cells including 
fi broblasts, endothelial cells, and nerve fi bers, 
throughout the epidermis. Subsequent to these 
events, fi laggrin is reduced and keratinization is 
inhibited [ 17 ].  

7.4.3     SENCAR Mouse 

 SENCAR mice, the name derived from 
SENsitivity to CARcinogenesis, are sensitive to 
skin tumor initiators. The distribution of fi lag-
grin is deranged in the initiated papillomas and 
its expression is reduced in the invasive carci-
nomas [ 18 ].  
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7.4.4     Flaky Skin Mouse 

 Flaky skin (fsn) mouse is a model of psoriasis. 
Keratohyalin abnormalities can be observed by 
using immunocytochemical staining for pro- 
fi laggrin [ 19 ].  

7.4.5     Epidermal-Specifi c 
Glycosylphosphatidylinositol-
Anchor- Defi cient Mouse 

 The epidermal-specifi c glycosylphosphatidylino-
sitol (GPI)-anchor-defi cient mouse exhibits wrin-
kled and dry skin with hyperkeratosis and 
abnormal differentiation. Pro-fi laggrin to its 
monomeric form is impaired in the mice [ 20 ].  

7.4.6     Mouse Lacking the C-Terminal 
Region of Connexin43 

 Mouse in which the C-terminal region of con-
nexin43 (Cx43) is removed (designated as 
Cx43K258stop) shows the thinness and fragility 
of corneocytes and the defects of epidermal barrier 
[ 21 ]. A broader expression of fi laggrin can be 
observed in the epidermis of the mouse. Full fi lag-
grin processing is delayed in the skin of the mouse.  

7.4.7     Peroxisome-Proliferator- 
Activated Receptor-γ- 
Defi cient Mouse 

 PPAR-γ activators increase the expression of fi l-
aggrin in the skin of mice. The increase in fi lag-
grin expression is suppressed in the skin of 
PPAR-γ-defi cient mouse [ 22 ].  

7.4.8     25ohd 1α-Hydroxylase 
Knockout Mouse 

 Keratinocytes express high levels of 25-hydroxy 
vitamin D (25OHD) 1α-hydroxylase. The 
 expression levels of fi laggrin are reduced in the 

 epidermis of 25OHD 1α-hydroxylase knockout 
mouse [ 23 ].  

7.4.9     Spermidine/Spermine 
N 1 - Acetyltransferase 
Transgenic Mouse  

 Overexpression of the rate-limiting enzyme in 
polyamine catabolism spermidine/spermine N 1 - 
acetyltransferase in transgenic mouse leads to 
accumulation of putrescine in the skin and per-
manent hair loss [ 24 ]. The mouse is characterized 
by delayed onset of epidermal differentiation 
with reduced expression of fi laggrin.  

7.4.10     Nude Mouse 

 Nude mouse has a mutation in the transcription 
factor  Foxn1   nu  . The expression of hair keratins is 
downregulated [ 25 ]. Sulfur concentrations are 
reduced in the nude mouse nail plates. Keratin 1 
protein expression is suppressed, and fi laggrin 
expression is deranged in the nail plate of the 
mouse.  

7.4.11     Spink5 (R820X/R820X) Mouse 

 Spink5 (R820X/R820X) mouse is a model of 
Netherton syndrome [ 26 ]. The mouse develops a 
lethal, severe ichthyosis with a loss of skin bar-
rier function and dehydration. The spink5 
(R820X/R820X) mouse shows a substantial 
increase in the proteolytic processing of pro- 
fi laggrin into its constituent fi laggrin monomers.  

7.4.12     CAP1/Prss8-Defi cient 
Skin Mouse  

 Severe malformation of the stratum corneum and 
lethal hydration caused by skin barrier dysfunc-
tion are observed in mice lacking the membrane- 
anchored channel-activating serine protease 
(CAP) 1 (protease serine S1 family member 8 
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[ Prss8 ]) in skin [ 27 ]. The skin of mice shows 
aberrant pro-fi laggrin to fi laggrin processing.  

7.4.13     Heterozygous 
Inv-Cldn6 Mouse  

 Claudin-6 is a tight junction protein. Homo-
zygous mouse overexpressing Claudin-6 (Cldn6) 
dies within 48 h of birth. Heterozygous Inv-
Cldn6 mouse exhibits a distinct coat phenotype 
and mild epidermal hyperkeratosis. The process-
ing of pro-fi laggrin to fi laggrin is altered in the 
mouse [ 28 ].  

7.4.14     DHCR24−/− Mouse 

 Desmosterolosis is an autosomal recessive disor-
der due to mutations in the  3β - hydroxysterol - Δ24 
reductase  ( DHCR24 ) gene that encodes an 
enzyme catalyzing the conversion of desmosterol 
to cholesterol in skin.  DHCR24 −/− mouse has 
thickened epidermis with few and smaller kerato-
hyalin granules [ 29 ]. Filaggrin expression is 
altered in the epidermis of  DHCR24 −/− mouse.  

7.4.15     Arnt-Null Skin Mouse 

 The aryl hydrocarbon receptor nuclear transloca-
tor (Arnt) is a transcription factor that mediates 
biological functions including sensing of light, 
reactive oxygen species. Targeted K14-driven 
deletion of  Arnt  in the mouse epidermis resulted 
in early death, associated with a failure of epider-
mal barrier function. The expression of fi laggrin 
is reduced in Arnt-null epidermis [ 30 ].  

7.4.16     12R-LOX-Defi cient Mouse 

 12R-lipoxygenase (12R-LOX) represents a 
key enzyme of an eicosanoid pathway in the 
skin. 12R-LOX/epidermal LOX-3 (eLOX-3) 
is involved in terminal differentiation in skin. 
Inactivating 12R-LOX/eLOX-3 is linked to the 
development of autosomal recessive congeni-

tal ichthyosis. Lipid metabolism and process-
ing of pro-fi laggrin to fi laggrin are impaired in 
12R-LOX-defi cient mouse [ 31 ].  

7.4.17     Caspase-14-Defi cient Mouse 

 Caspase-14 is an aspartate-specifi c proteinase 
which is involved in terminal keratinocyte differ-
entiation and cornifi cation. The skin of  caspase -
14    - defi cient  mouse is shiny and lichenifi ed [ 32 ]. 
 Caspase - 14 -defi cient epidermis contains signifi -
cantly more alveolar keratohyalin F-granules, the 
pro-fi laggrin stores. The pro-fi laggrin processing 
is altered in the epidermis of  caspase -14 - defi cient  
mouse.  

7.4.18     PPARβ/δ Knockout Mouse 

 Peroxisome-proliferator-activated receptors 
(PPAR) are nuclear receptor proteins of lipid 
metabolites that function as transcription factors. 
PPAR β / δ  is involved in differentiation and prolif-
eration of epidermal keratinocytes. The expres-
sion of fi laggrin is increased in PPAR β / δ  
knockout mouse [ 33 ].  

7.4.19     Glucocorticoid Receptor 
Knockout Mouse 

 Glucocorticoid receptor (GR) is required for skin 
barrier competence. Incomplete epidermal strati-
fi cation with dramatically abnormal differentia-
tion is observed in GR knockout mouse [ 34 ]. 
Terminal differentiation is absent due to an 
impaired activation of caspase-14, and fi laggrin 
expression is suppressed.  

7.4.20     AP-2γ-Defi cient Mouse 

 AP-2γ is a transcription factor that regulates both 
proliferation and differentiation of epidermal 
keratinocytes. Skin development is delayed in 
AP-2γ-defi cient mouse, and fi laggrin expression 
pattern in epidermis is altered [ 35 ].  
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7.4.21     High-Chimeric Hai-1/
Spint1(−/−) Mouse 

 Hai-1/Spint1 is a serine proteinase inhibitor that 
inhibits matriptase and prostasin; subsequently 
epidermal differentiation is deranged. High- 
chimeric  Hai - 1 / Spint1  −/−  mouse develops scaly 
skin with hyperkeratinization and abnormal hair 
shafts [ 36 ]. Proteolytic processing of pro- 
fi laggrin is altered in the mouse.  

7.4.22     St14 Transgenic Mouse 

 Suppressor of tumorigenicity 14 ( St14 ) encodes 
matriptase, a serine protease, which regulates pro-
cessing of pro-fi laggrin to fi laggrin. Transgenic 
mouse with 1 % of wild-type  St14  levels displays 
aberrant processing of pro- fi laggrin. Scaling of 
the skin with epidermal acanthosis and orthohy-
perkeratosis is observed in the mouse [ 37 ].  

7.4.23     ELA2 Overexpressing 
Transgenic Mouse 

 Elastase 2 (ELA2) is localized to keratohyalin 
granules and participates in pro-fi laggrin pro-
cessing. ELA2 is hyperactive in skin from human 
Netherton syndrome patients. Transgenic mouse 
overexpressing ELA2 in the epidermis shows 
abnormal pro-fi laggrin processing and impaired 
lipid lamellae structure [ 38 ].  

7.4.24     UBC-Taps Mouse 

 AP-1-dependent target gene encodes a retroviral- 
like aspartic proteinase (Taps/Asprv1) in 
12-O-tetradecanoylphorbol-13-acetate (TPA)-
treated mouse back skin. Taps expression was 
detected almost exclusively in stratifi ed epi-
thelia of mouse embryos and adult tissues, and 
enhanced protein levels were present in several 
nonneoplastic human skin disorders. A mouse 
model in which Taps transgene expression is 
under the control of the human ubiquitin C pro-
moter  (UBC- Taps) shows a signifi cant delay in 

 cutaneous wound closure [ 39 ]. A hypergranu-
losum-like phenotype with increased numbers 
of fi laggrin- positive keratinocytes was also 
observed in UBC- Taps mouse after administra-
tion of TPA.  

7.4.25     Abca12-Disrupted Mouse 

 ABca12 is a lipid transporter in the keratinocytes. 
Loss-of-function mutations in the keratinocyte 
ABCA12 causes Harlequin ichthyosis. Abca12- 
disrupted neonatal epidermis lacks pro-fi laggrin/
fi laggrin [ 40 ].  

7.4.26     BMP-Receptor-IB 
Transgenic Mouse  

 Bone morphogenetic protein (BMP) plays an 
important role during embryonic organ develop-
ment. BMP is involved in the regulation of fi lag-
grin expression in the epidermis. Mouse expressing 
a constitutively active form of BMP-receptor- IB in 
the epidermis exhibits a phenotype resembling 
human ichthyosis vulgaris, and fi laggrin expres-
sion is downregulated in the mouse [ 41 ].  

7.4.27     CB1R and CB2R 
Knockout Mouse  

 Cannabinoids are amides, esters, and ethers of 
long-chain polyunsaturated fatty acids. Filaggrin 
expression is decreased in CB1R and CB2R 
knockout mouse [ 42 ].   

7.5     Mouse Models in Which 
Filaggrin Expression 
Is Altered by Chemicals 
or UV Exposure 

 The expression levels and/or pattern of fi laggrin 
in the skin of mice can be altered by topical appli-
cation of some chemicals such as retinoic acid 
[ 43 ], cantharidin, and 12-O-tetradecanoylphorbol- 
13-acetate [ 44 ] or UVB exposure [ 45 ].  
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7.6     Filaggrin in Other Animals 

 The expression of fi laggrin has been reported in 
porcine [ 46 ], guinea pig [ 47 ], pup, and canine 
skin. Human c- myc  transgenic pup develops a 
hyperkeratotic phenotype. Inhibition of terminal 
differentiation and aberrant expression of fi lag-
grin are observed due to c-Myc overexpression 
[ 48 ]. Glucocorticoids accelerate fetal stratum 
corneum maturation and barrier formation. The 
expression of fi laggrin and skin barrier matura-
tion is reduced in glucocorticoid-defi cient murine 
pup [ 49 ]. There is a canine model of atopic der-
matitis. Decreased epidermal fi laggrin expres-
sion is present in the dogs, as well as increased 
transepidermal water loss [ 50 ]. Filaggrin-like 
protein is observed in the epidermis of snakes 
[ 51 ], birds [ 52 ], gecko lizards [ 53 ], and croco-
diles [ 54 ].     
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8.1            Introduction 

 Filaggrin gene ( FLG ) loss-of-function mutations 
contribute to several dermatological disorders 
such as ichthyosis vulgaris (IV) and atopic der-
matitis (AD) [ 1 ,  2 ]. IV is the most prevalent cor-
nifi cation disorder and is often associated with 
AD [ 3 ,  4 ]. In both, IV and AD mutations in the 
 FLG  were discovered that are localized in the 
epidermal differentiation complex on chromo-
some 1q21 [ 1 ,  3 ]. Mutations in the  FLG  are the 
most widely occurring genetic risk factors for the 
development of AD known to date and have been 
identifi ed in up to 20–40 % of the patients [ 5 ,  6 ]. 
Such mutations provoke an intercellular barrier 
abnormality that reduces the skin’s infl ammatory 
threshold to topical irritants and antigens, trig-
gering infl ammatory processes [ 7 – 9 ]. The most 
common mutations occurring in approximately 
9 % of the European population are R501X and 
2282del4 [ 1 ,  10 ]. Various other common and rare 
mutations are also known but with lower preva-
lence [ 11 ,  12 ], suggesting that the real mutation 
frequency is even higher. Although  FLG  muta-
tions are the most common mutations in promi-
nent skin disorders such as IV and AD, the overall 
impact of the fi laggrin defi ciency on the patho-
genesis is not yet completely understood yet. 

 To gain more insight and to understand 
the fundamental processes resulting from the 
 mutations, fi laggrin-defi cient skin models can 
be useful research tools. In most animal studies, 
the fl aky tail ( ft ) mouse serves as a model sys-
tem for fi laggrin-defi cient skin diseases because 
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these mice exhibit a barrier dysfunction similar to 
AD patients [ 13 ].  ft  mice are characterized by a 
dry and fl aky skin, an impaired barrier function, 
and higher susceptibility to skin irritation caused 
by a pro-fi laggrin, which cannot be further pro-
cessed to fi laggrin monomers and fails to form 
keratohyalin granules [ 7 ,  8 ,  14 ]. Considering 
the fi ndings of Harding and Scott in 1983, fi lag-
grin data obtained from animal studies should be 
interpreted cautiously due to high species-related 
variability in the behavior of fi laggrin [ 15 ]. 
Additionally, more evidence emerges that animal 
models do not provide reliable and predictive 
data for humans, especially when the immune 
system is involved, as it is the case in AD [ 16 ]. 
To overcome this obstacle, reconstructed skin 
models emerged as a suitable tool [ 17 ]. These 
skin models are composed of a collagen-based 
dermal equivalent containing human fi broblasts 
and a viable epidermis with a stratum corneum 
that is generated by adding keratinocytes on top 
of the dermal equivalent and lifting the construct 
to the air-liquid interface to induce the skin dif-
ferentiation [ 18 ,  19 ]. In addition to full-thickness 
skin models, epidermal skin models without a 
dermal equivalent also exist [ 17 ,  20 ], but they 
are of minor relevance for fundamental studies 
on skin physiology. In reconstructed skin models, 
the gene(s) of interest can be knocked down spe-
cifi cally in order to study the physiological func-
tion of the gene product in the tissue [ 18 ,  21 ]. 
The major advantage of the skin models is that 
only the gene of interest can be modulated, mak-
ing it possible to study the role of the single gene, 
while the impact of confounding factors such as 
cytokines, which alter the skin barrier function, 
too, can be excluded. This is of uttermost impor-
tance, especially for studying the role of fi laggrin 
in the pathogenesis of AD. Although it is known 
that fi laggrin mutations are the most predisposing 
factor for the development of AD, the mechanism 
leading from the genetic defect to clinical mani-
festation and subclinical consequences are not 
yet fully understood [ 1 ,  2 ]. 

 This chapter aims to highlight the research 
efforts studying the role of fi laggrin for the skin 
physiology and the pathogenesis of IV and AD by 
the means of reconstructed skin models. As this 

type of research is still at its infancy, only a limited 
number of publications are currently available.  

8.2     Filaggrin-Defi cient 
Reconstructed Skin Models 

 Filaggrin-defi cient skin models are based on a 
 FLG  knockdown using RNA interference. To our 
best knowledge, no other approach resulting in 
fi laggrin defi ciency in vitro has been published 
so far. Prior to the cultivation of the reconstructed 
skin, the human (primary) keratinocytes are trans-
fected with the siRNA being specifi c for the target 
gene, in this case for  FLG . After 24 h, the trans-
fected cells are seeded onto the dermal equiva-
lent [ 18 ,  21 ,  22 ]. Subsequently, the constructs are 
lifted to the air-liquid interface, where they are 
further cultivated for several days (Fig.  8.1 ) [ 18 , 
 21 ]. Depending on the protocol, the submerged 
cultivation time prior to the airlift may vary.

   The length of the cultivation period at the 
air- liquid interface has major impact on the out-
come and should be chosen carefully depending 
on the aim of the study. For example, in con-
structs that have been only cultivated for 7 days, 
no  histological differences have been observed 
between healthy and fi laggrin-defi cient skin 
models [ 23 ]. In contrast, our group observed 
major differences in terms of skin maturation and 
differentiation between healthy and  FLG  knock-
down constructs as shown by histological evalu-
ations [ 22 ]. Aside from histological differences, 
the skin barrier function also seems to change 
over time in fi laggrin- defi cient constructs. 
Mildner et al. described increased skin absorption 
of the dye Lucifer yellow in fi laggrin-defi cient 
skin after 7 days of cultivation [ 23 ]. Interestingly, 
in our group we did only see differences in the 
skin absorption of the OECD standard com-
pounds caffeine and testosterone after 14 days 
[ 22 ], whereas no differences were detected after 
7 days [ 24 ]. Obviously, the cultivation period 
at the air-liquid interface has major impact on 
the skin barrier function as fi laggrin- associated 
infl uences become particularly  detectable after 
longer cultivation times and maturation of the 
 reconstructed skin. 
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 One important aspect that needs to be consid-
ered when performing a gene knockdown is the 
knockdown effi ciency. Using commercially 
available siRNA, sound knockdown rates varying 
between 80 and 90 % can be achieved easily [ 18 , 
 21 ,  22 ]. Most importantly, the transfection has to 
remain stable until the end of the experiment, 
which should be monitored frequently, especially 
while establishing the model. 

 Mildner et al. were the fi rst to publish data on 
 FLG  knockdown models, and they presented 
very interesting results. As expected, keratohya-
lin granules were missing in fi laggrin-defi cient 
skin models and abnormalities in the lamellar 
body formation have been observed, too [ 23 ]. 
This is well in accordance with clinical observa-
tions in IV patients [ 3 ,  25 ] and characteristics in 
the  ft  mouse model [ 14 ]. Interestingly, the keratin 
aggregation in the fi laggrin-defi cient skin models 
was not disturbed, which is in contrast to previ-
ous assumptions [ 23 ]. Earlier studies suggested 
that one major function of fi laggrin is the aggre-
gation of keratin intermediates into aligned kera-
tin bundles [ 26 ]. In fact, no keratin aggregation 
defect was found in the fi laggrin-defi cient skin 
models [ 23 ]. Furthermore, although the lamellar 
body formation was disturbed in the knockdown 
models, shown by smaller structures and the lack 
of the typical lamellae, no alterations in the lipid 
profi le were detected, which is in contrast to 
many clinical reports describing signifi cant dif-
ferences of the lipid profi le and particularly the 

ceramides between  FLG  mutation carriers and 
unaffected individuals [ 27 – 31 ]. Just recently, we 
also reported major changes in the stratum cor-
neum lipid organization and composition of fi l-
aggrin defi cient skin constructs. We detected 
signifi cantly increased levels of free fatty acids in 
the knock down models correlating well with 
increased activity of the secretory phospholipase 
(sPLA) IIA [ 24 ]. Additionally, we also saw no 
signifi cant differences in the ceramide profi le. 
Furthermore, we investigated the skin surface pH 
of the skin models and detected no difference 
between normal and fi laggrin knock down mod-
els giving direct evidence that fi laggrin is not cru-
cial for the maintenance of the skin surface pH 
[ 24 ]. Most interestingly, we measured values of 
pH 5.5 which is the physiological pH of human 
skin. This fi nding clearly underlines the quality 
of in skin constructs. Additionally, for the fi rst 
time we discovered a feedback mechanism main-
taining the skin surface pH when a lack of fi lag-
grin occurs [ 24 ]. However, contradictory reports 
also exist in which no differences were detected 
in the lipid and ceramide profi le of AD patients 
[ 32 ]. Obviously, this aspect requires further 
clarifi cation. 

 The interdependence of skin lipid composition 
and organization and its importance for the skin 
absorption of xenobiotics is well known. The fact 
that changes in the skin lipid organization corre-
late with increased skin permeability was already 
described more than 20 years ago [ 33 ]. Different 

  Fig. 8.1    Common setup for 
in vitro cultivation of skin 
constructs in six-well plates       
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studies demonstrate that also in AD patients the 
skin lipid organization is disturbed, suggesting 
differences in the skin absorption of xenobiotics. 
Changes of the lamellar lipid organization in AD 
patients were observed [ 34 ], as well as an 
increased hexagonal lipid organization in both 
AD and IV patients [ 35 ,  36 ]. However, it has to be 
kept in mind that these studies did not correlate 
the data with the presence of  FLG  mutations. In 
contrast,  FLG  mutation carriers have been 
excluded [ 34 ], meaning that studies on the corre-
lation of  FLG  mutations and the skin lipids orga-
nization are still required. Although the exact 
interdependence of fi laggrin and the skin barrier 
function is still ambiguous, evidence emerges that 
fi laggrin defi ciency does impair the skin penetra-
tion of xenobiotics. The perfusion of lanthanum in 
healthy and  FLG  knockdown skin has been inves-
tigated just recently, showing a lanthanum pene-
tration into and across the stratum corneum 
exclusively in the knockdown models via the 
paracellular pathway, whereas in the control mod-
els any lanthanum absorption was missing [ 4 ]. 
This observation was verifi ed by cultures of 
patient-derived samples and in vivo data, clearly 
demonstrating that the paracellular permeability 
abnormality that is observed in IV patients is spe-
cifi cally due to the fi laggrin defi ciency [ 4 ]. This 
study is of particular interest as in vivo and in 
vitro data were compared directly showing a sig-
nifi cant role for fi laggrin. 

 For fi laggrin-defi cient skin, not only altered 
skin permeability is discussed but consequentially 
also an increased susceptibility towards allergens 
[ 37 ]. AD patients showing higher susceptibility 
to allergens have been reported repeatedly, sub-
stantiating the paradigm shift from the historical 
“inside-outside” view towards the current “outside-
inside-outside” view [ 38 – 41 ]. A fi laggrin-induced 
barrier defi ciency resulting in enhanced percutane-
ous allergen priming and increased susceptibility 
towards skin sensitization has also been observed 
in  ft  mice [ 7 ]. Similar results were obtained in our 
group using fi laggrin- defi cient skin constructs: We 
detected signifi cantly increased levels of the pro-
infl ammatory cytokines IL-6 and IL-8 as well as 
a reduced cell viability following the application 
of the skin irritant sodium dodecyl sulfate [ 22 ]. 
Interestingly, already the application of the control 

substance, phosphate buffered saline, resulted in 
enhanced release of the pro-infl ammatory cyto-
kines IL-6 and IL-8, which is well in line with the 
clinical fact that even water can cause skin irrita-
tion in AD patients [ 42 ].  

8.3     Reconstructed Skin Models 
to Study the Function of 
Filaggrin 

 As mentioned before, only a limited number of 
publications are available describing FLG knock-
down skin models. Hopefully, this number will 
increase over time as fundamental research is still 
necessary to elucidate the role of this important 
structural protein for skin physiology. Aside from 
the skin constructs discussed above, several publi-
cations report the use of in vitro skin models for 
fundamental research  associated with fi laggrin. 

 A very interesting publication by Zhang et al. 
describes the possibility to assess the effi ciency 
of fi laggrin modulators by the means of recon-
structed skin models [ 43 ]. Here, clofi brate and 
docosahexaenoic acid (DHA), both peroxisome 
proliferator activator receptor (PPAR) modula-
tors, have been tested in reconstructed skin mod-
els for their role in epidermal maturation, 
differentiation, and growth response. The pres-
ence of PPAR receptors in human keratinocyte 
nuclei of reconstructed skin models had been 
described previously [ 44 ,  45 ]. When treating skin 
models with a PPAR modulator, an increased 
expression of enzymes associated with the lipid 
metabolism and enhanced lipid deposition were 
observed [ 44 ]. These observations have been 
confi rmed later when using clofi brate [ 45 ]. When 
treating reconstructed skin models with the PPAR 
modulators clofi brate and DHA, a  signifi cant 
stimulation of the keratinocyte differentiation, 
especially of the terminal differentiation, has 
been detected indicated by an increased expres-
sion of late differentiation markers such as fi lag-
grin and the ABCA12 transporter, which is 
involved in the transport of lipids into the lamel-
lar bodies [ 43 ]. These observations have not been 
possible before in animal studies or in 2D cell 
cultures, highlighting once more the importance 
of reconstructed skin models and their benefi t for 
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fundamental dermatological research. Similar 
positive effects of PPAR agonists have been 
found before in a murine hyperproliferative 
model, demonstrating that PPAR modulators are 
capable of normalizing the epidermal homeosta-
sis by inhibiting hyperproliferative processes and 
stimulating keratinocyte differentiation [ 46 ]. 
Hatano et al. verifi ed these results and demon-
strated that PPAR ligands are equally effective as 
glucocorticoids in the treatment of mild and mod-
erate oxazolone-induced AD [ 47 ]. In conclusion, 
in the future, reconstructed skin models may have 
the potential to serve as test matrices for the pre-
clinical assessment of drug actions in vitro. 

 Aside from its central role in the pathogenesis of 
AD, clinical investigations revealed that in mutation 
carriers the FLG expression is lower in acute lesions 
compared to uninvolved skin, suggesting that other 
factors also modulate the FLG expression in vivo 
[ 48 ]. For example, the cytokine IL-31 has been 
identifi ed as a potential confounding factor [ 49 ]. 
Frequently, increased IL-31 gene expression and 
serum levels are detected in AD patients correlating 
with the severity of the phenotype, but without 
knowing the exact role of the cytokine in AD [ 49 , 
 50 ]. Using reconstructed skin models, it was 
observed that IL-31 considerably interferes with the 
epidermal differentiation process causing a reduced 
epidermal thickness, a disturbed epidermal organi-
zation, and an altered alignment of the stratum 
basale. In the course of this study, fi laggrin was 
identifi ed as a relevant downstream target of IL-31, 
suggesting that the cytokine can further aggravate 
the clinical condition of AD patients [ 49 ]. 

 The impact of exogenous and environmental 
factors on the skin homeostasis can also be studied 
using in vitro skin constructs. For example, Yang 
et al. in 2012 investigated the effect of ionizing 
radiation on the phosphorylation pattern of the 
skin. Even very low doses of ionizing radiation 
resulted in an altered protein phosphorylation pat-
tern including the fi laggrin precursor pro-fi laggrin 
and, thus, in a potentially altered protein function 
[ 51 ]. Radiation not only with ionizing but also with 
UVB light seems to infl uence the FLG expression: 
Irradiating reconstructed skin models with UVB 
light (10–100 mJ/cm 2 ) resulted in a signifi cantly 
increased FLG expression without affecting 
other structural proteins [ 52 ]. The importance of 

fi laggrin for UV protection was highlighted before 
using a  FLG  knockdown model [ 23 ]. Filaggrin is 
the main source of the metabolite urocanic acid, 
which is involved in the UV protection by acting as 
a UV-absorbing substance [ 53 ]. Irradiating  FLG  
knockdown models resulted in an increased forma-
tion of cyclobutane pyrimidine dimers and a cas-
pase-3 activation indicating DNA damage and the 
induction of apoptosis [ 23 ]. However, whether fi l-
aggrin is relevant for UV protection in vivo still 
needs to be elucidated, as only a few clinical 
reports describe an increased photosensitivity in 
AD or IV patients [ 54 ,  55 ]. 

 In a very recent and highly interesting publi-
cation, the role of atopic fi broblasts for the skin 
homeostasis has been investigated by 
 reconstructing in vitro skin models with fi bro-
blasts and/or keratinocytes obtained from punch 
biopsies of AD patients [ 56 ]. The results of this 
study were not correlated to FLG mutations in 
the patients, however. Nevertheless, it becomes 
clear that fi broblasts play a crucial role in the 
pathogenesis of AD by modulating factors like 
the FLG expression in keratinocytes. In con-
structs containing atopic fi broblasts and healthy 
keratinocytes, a signifi cantly reduced expression 
of fi laggrin and other structural proteins such as 
loricrin was detected, accompanied by an 
increased epidermal thickening. The fi broblast- 
derived leukemia inhibitory factor (LIF) was 
identifi ed as a potential key player, as LIF levels 
were signifi cantly reduced in atopic fi broblasts, a 
fact that correlated well with the reduced expres-
sion of terminal differentiation markers such as 
fi laggrin or involucrin. This study once more 
shows that there are still many unknown factors 
contributing to the pathogenesis of AD and IV.  

    Conclusion 

 Reconstructed skin models gained more interest 
during the last decade in the quest for simple 
and cost-effective test systems to study drug 
actions and fundamental processes of the skin 
physiology and the pathogenesis of skin dis-
eases. Filaggrin was identifi ed as one of the key 
players in the pathogenesis of AD and IV, 
although the exact mechanism leading from the 
mutations to infl ammatory skin diseases or 
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 barrier defi ciency are not yet fully understood. 
Reconstructed skin models in general, and FLG 
knockdown models in particular, have a huge 
potential to gain a more detailed understanding 
about basic processes in the skin. The major 
advantage of reconstructed skin models is that 
the function of a single gene can be investigated, 
while other confounding factors such as immu-
nological reactions can be excluded. In vitro 
skin models are useful tools and can contribute 
to a more fundamental and detailed understand-
ing of skin homeostasis in the future.     
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9.1            Phosphoproteomics 
Overview 

 Biological systems are exceedingly more complex 
than defi ned by the genome due to differential pro-
tein expression and degradation, altered mRNA 
splicing, and the presence of multiple PTMs 
including phosphorylation that occur in different 
cellular contexts. Scientists have made great strides 
in identifying, and in many cases quantifying, 
genes, proteins, protein splice variants, and PTMs 
present in different biological systems before and 
after various stimuli or over time. However, the 
technologies used to map these molecular altera-
tions are also demonstrating how extremely com-
plex cell signaling networks are and that many 
proteins can be regulated by multiple mechanisms 
to create various biological outcomes. Moreover, it 
is increasingly evident that proteins function within 
complex signaling networks, so changes in 
upstream regulators, downstream effectors, and 
binding partners can all infl uence protein behavior 
within specifi c cellular environments. 

 Phosphorylation is an important PTM that 
plays a critical role in multiple cell signaling 
pathways including those that potentially regu-
late fi laggrin functions [ 1 – 3 ]. Studies aimed at 
analyzing signaling pathways require methods 
that can specifi cally detect, identify, and quan-
tify phosphoproteins. While traditional methods 
(e.g., immunohistochemistry) typically allow for 
characterization of one phosphoprotein (often 
only one phosphorylation site) at a time, recent 
advancements in liquid chromatography (LC) 
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and mass spectrometry (MS) technology now 
enable proteome-wide study of phosphoryla-
tion: phosphoproteomics [ 4 – 8 ]. Based on data 
obtained through global phosphoproteomics and 
curated in a number of phosphorylation site data-
bases such as PhosphoSite (  www.phosphosite.
org    ), Phospho.ELM (  www.phospho.elm.eu.org    ), 
and Phosida (  www.phosida.com    ), it is estimated 
that there are at least 200,000 potential phosphor-
ylation sites in mammalian cells. While this fun-
damentally important PTM typically occurs on 
serine, threonine, or tyrosine residues, at least six 
other amino acids can also be phosphorylated [ 9 ]. 

 The basic setup for a typical phosphoproteomic 
analysis is shown in Fig.  9.1 . Proteins isolated from 
cells, tissues, or whole organisms are digested with 
trypsin to generate mixtures of phosphorylated and 
non-phosphorylated peptides. To increase sensitiv-
ity for detection of low abundant phosphopeptides, 
a phosphopeptide enrichment step is used prior to 
separation of peptides by liquid chromatography 
(LC) and qualitative and quantitative analysis by 
mass spectrometry (MS). Software programs are 

then used to identify the parent protein and assign 
locations of phosphorylation sites. A number of 
bioinformatics tools can then be employed to iden-
tify signal transduction networks and identify 
kinases responsible for altered phosphorylation in 
different physiological settings. Specifi c phosphor-
ylation sites can then be validated using phosphor-
ylation-specifi c antibodies, and the functional 
signifi cance of specifi c phosphorylation sites can 
be validated through site-directed mutagenesis. 
A brief overview of these steps will be presented in 
the following sections, followed by the current 
state of phosphoproteomics involving fi laggrin.

9.2        Phosphopeptide Enrichment 
and Separation Strategies 

 Proteins can be isolated from a number of 
sources, including cell lines, tissues, and whole 
organisms. Prefractionation of proteins using 
subcellular fractionation, immunoprecipitation, 
upstream LC, or other methods can be used to 
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  Fig. 9.1    Basic setup for a phosphoproteomic experiment. 
Proteins isolated from cells, tissues, or organisms are 
digested with a protease such as trypsin to generate a mix-
ture of phosphorylated and non-phosphorylated peptides. 
Phosphorylated peptides are enriched and subjected to 

LC-MS/MS to identify phosphorylation sites, which can 
then be used in bioinformatics analyses, identifi cation of 
activated kinases, and assays to assess functions of spe-
cifi c phosphorylation sites       
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analyze phosphorylation sites in specifi c cel-
lular compartments and protein complexes or 
to improve the dynamic range of detection. 
A highly abundant protein such as fi laggrin 
can be readily detected in a skin tissue lysate, 
so this could serve as a feasible starting point. 
However, samples containing more purifi ed fi l-
aggrin should provide better sequence coverage 
and mapping of phosphorylation sites. The iso-
lated proteins are then typically digested with 
proteases such as trypsin to generate peptides 
suitable in size for analysis by MS. Since most 
phosphorylation sites are present at substoichio-
metric levels and many are present on relatively 
low abundant proteins that are key regulators 
of signal transduction pathways, some type of 
phosphopeptide enrichment strategy is usually 
employed. Several enrichment techniques have 
been developed to purify phosphopeptides from 
complex tryptic digests of proteins including 
anti-phosphorylation site-specifi c antibodies [ 10 , 
 11 ], immobilized metal affi nity chromatography 
(IMAC) [ 12 ,  13 ], and metal oxide affi nity chro-
matography (MOAC) including titanium dioxide 
(TiO 2 )-based enrichment [ 14 ]. Antibody enrich-
ment strategies have been used very successfully 
to pull out phosphotyrosine- containing peptides 
using  anti-phosphotyrosine- specifi c antibodies. 
In the case of IMAC, the phosphate groups on 
peptides are bound to metal- ligand complexes, 
typically iminodiacetate and nitrilotriacetate, 
impurities are removed using a rinsing step, and 
the phosphopeptides are eluted using a compet-
ing ligand to yield a concentrated solution of 
purifi ed phosphopeptides. IMAC is applicable 
to a wide range of phosphoproteomic analyses 
but non-phosphorylated peptides, particularly 
those containing acidic amino acids, are often 
present as contaminants. TiO 2 -based enrichment 
has emerged as a popular alternative to IMAC 
since it appears to be more selective for phos-
phopeptides. The principle behind this enrich-
ment technique is as follows: at acidic pH, TiO 2  
has a positively charged surface that selectively 
adsorbs phosphopeptides, which are then eluted 
by raising the pH levels. It should be noted that 
each enrichment strategy can infl uence which 

phosphopeptides are ultimately identifi ed in a 
particular experiment. 

 Once enriched, complex mixtures of phos-
phopeptides must be fractionated using LC 
methods similar to those employed by conven-
tional proteomic analyses for non-phosphory-
lated peptides to improve the dynamic range of 
detection. Phosphopeptides have been success-
fully fractionated by a variety of chromato-
graphic methods including strong cation 
exchange [ 15 ], anion exchange [ 16 ], reverse 
phase [ 17 ], and hydrophilic interaction liquid 
chromatography (HILIC) [ 18 ]. A comparison of 
the phosphopeptides identifi ed from the same 
sample using different LC fractionation meth-
ods reveals that there is surprisingly little over-
lap in the phosphopeptides identifi ed [ 19 ], 
suggesting that comprehensive global identifi -
cation of phosphopeptides requires multiple 
analyses employing different types of phospho-
peptide enrichment and fractionation methods. 
The sensitivity in phosphopeptide detection can 
also be greatly increased by performing two-
dimensional LC (2D-LC) to fractionate peptides 
based on multiple properties (charge, hydropho-
bicity, size, etc.). For example, combining 
HILIC with reversed-phase chromatography 
greatly improves both peptide and phosphopep-
tide identifi cation [ 20 ].  

9.3     Mass Spectrometry 
of Phosphopeptides 

 Once enriched and fractionated, phosphopep-
tides can be analyzed by a number of different 
types of mass spectrometers, but analysis of 
phosphopeptides poses additional challenges 
compared to unmodifi ed peptides. Typically, 
MS is used which fi rst provides information on 
the mass of the phosphopeptide as well as infor-
mation about its relative abundance. The intact 
phosphopeptide is then broken apart into small 
fragment ions and reanalyzed by tandem MS 
(MS/MS) to yield information about the amino 
acid sequence and locations of the phosphoryla-
tion sites. A number of different fragmentation 
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methods are available to analyze unmodifi ed 
peptides, and these can have signifi cant impacts 
for the identifi cation of phosphorylation sites. 
Collision-induced  dissociation (CID) in which 
the original peptides are physically fragmented 
by acceleration and collision with neutral ions 
in the mass spectrometer is typically used for 
the analysis of unmodifi ed peptides [ 21 ]. The 
masses of these smaller fragments can then be 
used to determine the amino acid sequences of 
the precursor peptides. The major problem for 
using CID for phosphopeptide identifi cation, 
however, is that the O-phosphate bond in ser-
ine- and threonine-phosphorylated peptides is 
labile resulting in neutral loss of the phosphate 
group and an inability to identify the phos-
phorylation site. This problem can be averted 
in several ways, including the use of alternate 
dissociation methods such as electron-transfer 
dissociation (ETD) and electron-capture dis-
sociation (ECD), which preserve labile PTMs, 
including phosphorylation [ 22 ,  23 ]. Additional 
strategies such as MS/MS/MS and multistage 
activation can also be employed using CID for 
phosphopeptide analysis [ 24 ], and as with the 
enrichment and separation techniques described 
above, employing multiple fragmentation meth-
ods such as ETD/ECD along with CID (with 
multistage activation) often yields nonover-
lapping information. Once the spectra gener-
ated by these different fragmentation methods 
are detected by MS/MS, a number of search 
engines, typically searching databases of known 
protein sequences, including Sequest, OMSSA, 
X!Tandem, or Protein Prospector can be applied 
to identify the phosphopeptide [ 25 ]; however, 
localization of the phosphorylation site is often 
nontrivial, especially in cases where the pep-
tides contain multiple potential phosphorylation 
sites. Additional software routines also must 
be employed to provide probability scores that 
determine the degree of confi dence in phos-
phosite localization [ 26 ]. Preferably, identifi ed 
phosphorylation sites should be validated using 
phosphosite-specifi c antibodies when available; 
however, this is not always feasible for global 
phosphoproteomic studies identifying hundreds 
to thousands of novel phosphorylation sites.  

9.4     Quantitative Analysis 
of Phosphopeptides 

 To assess differences in phosphorylation in dif-
ferent biological samples, quantitative methods 
can be employed in phosphoproteomic analyses. 
A number of factors, including the sample source 
(cells vs. tissues), the accuracy required, and the 
number of samples to be analyzed, all infl uence 
the method selection. Several so-called label-free 
methods, including spectral counting and mea-
surements of MS peak intensities, can be used 
to generate semiquantitative information on the 
relative abundance of phosphopeptides in differ-
ent biological samples [ 27 ] and are particularly 
useful for measuring large-fold changes [ 28 ]. 
Multiple labeling methods that are widely used 
for peptide level analyses [ 1 ,  29 ,  30 ] can be used 
to obtain more reliable quantitative information 
on the changes in phosphopeptide abundance in 
two or more samples. In one popular approach, 
stable isotope labeling of amino acids in culture 
(SILAC) [ 30 – 32 ] labels proteins by growing 
cells in media containing light (e.g.,  14  N or  12 C 6 - 

Arg ) or heavy (e.g.,  15  N or  13 C 6 -Arg) amino acids. 
Cells from two biologically distinct samples are 
then combined a 1:1 ratio and carried through the 
phosphoproteomic workfl ow. The differentially 
labeled peptides (heavy and light) with the same 
amino acid sequence are detected in the MS spec-
tra, and their ratio can be used to calculate protein 
abundance. Since the two samples are combined 
at an early stage, technical variations that could 
occur at any stage in the sample processing 
and phosphopeptide analysis are minimized. 
However, a signifi cant limitation of this method 
is that the label incorporation requires growth 
in defi ned tissue culture media for an extended 
period of time, which is not feasible for the anal-
ysis of most tissue samples. Peptides can also be 
labeled after trypsin digestion using the popular 
isobaric tag for relative and absolute quantita-
tion (iTRAQ) method [ 33 ]. A major advantage 
of the iTRAQ method is the ability to analyze 
up to eight samples in a single run; therefore, 
the required number of mass spectrometry (MS) 
acquisitions is greatly reduced by combining 
multiple samples labeled with different isobaric 
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tags at the reactive n-terminal amine of peptides 
and proteins. Because MS acquisitions are not 
required for each individual sample, more instru-
ment time can be devoted to analyzing increased 
sample fractionates, which contributes to a larger 
dynamic range and higher sensitivity for phos-
phoproteome quantitation.  

9.5     Analysis of Intact 
Phosphoproteins 

 High-throughput analyses of protein PTMs, 
predominantly focused on phosphorylation, 
are demonstrating how extremely complex the 
array of PTMs on a single protein can be. While 
peptide level phosphoproteomics can quantita-
tively identify the PTMs on peptides, it cannot 
accurately quantify multiple PTMs dispersed 
along the entire protein length. In many well- 
documented cases, multisite PTMs resulting 
from the convergence of multiple signal trans-
duction pathways on critical proteins more accu-
rately refl ect the activity status of these proteins 
and the resulting cellular response than a single- 
site PTM. Prominent examples of these multiply 
modifi ed proteins include histone proteins that 
have specifi c combinations of acetylations, meth-
ylations, and phosphorylations (the histone code) 
that regulate chromatin functions [ 34 ]. While 
multiple modifi cations have been found on these 
and many other proteins including fi laggrin, we 
are only beginning to gain an understanding of 
the complex combinations of PTMs that regu-
late protein function within complex signaling 
networks. When performing peptide level or bot-
tom- up analyses, most phosphorylation sites may 
be missed due to incomplete sequence coverage 
especially in complex mixtures. While this prob-
lem can be alleviated to some extent by focusing 
on the modifi cations present on a purifi ed pro-
tein, many phosphopeptides may be missed due 
to a number of factors, including the length of 
the peptide and the presence of other unknown 
PTMs, which alter the mass. 

 Given the limitations of conventional (bottom-
 up) proteomics, there has been increasing interest 
in top-down proteome characterization strategies, 

where individual proteins are selected for analysis 
by MS/MS, without the need for prior enzymatic 
proteolysis. This approach has demonstrated 
100 % protein sequence coverage and allowed 
for the identifi cation of protein isoforms, pro-
teolytic processing events, and PTMs [ 35 – 38 ]. 
A new variant, so-called middle-down, recently 
emerged for more effective characterization of 
multisite PTMs by incorporating LysC or AspN 
proteolysis prior to MS analysis. This step creates 
large peptides, due to the relative rarity of poten-
tial cleavage sites available to LysC or AspN [ 39 ]. 
Therefore, this approach combines some benefi ts 
from both bottom-up and top-down approaches. 

 Characterization of histone PTMs and their 
dynamics has been the most notable application 
of top-down proteomics to date [ 37 ,  38 ,  40 – 42 ]. 
Top-down platforms have also been applied to 
characterize limited subsets of proteins (~100) 
from microorganisms [ 35 ,  43 ] and humans [ 36 ] 
and even on proteins with molecular masses 
above 200 kDa [ 44 ], but with limited sensitivity 
and throughput. Notably, MS/MS of intact pro-
teins enables characterization of coexisting mod-
ifi cations and can potentially reveal information 
about PTM hierarchy (e.g., which modifi cation 
occurs fi rst?). Another distinct advantage of the 
top-down approach is that the relative abundance 
of different protein isoforms can be determined 
directly, while it is very challenging to do so 
using bottom-up strategy due to the extensively 
observed shared peptides. The top-down plat-
form has been successfully applied for the char-
acterization of various protein PTMs including 
phosphorylation [ 36 ,  37 ]. However, its applica-
tion is typically limited to the study of a single 
purifi ed phosphoprotein [ 45 ].  

9.6     Downstream Analysis 
of Phosphoproteomic Data 

 A number of bioinformatics and other tools are 
available to analyze phosphoproteomic datas-
ets, and their use depends on whether one wants 
to perform a global analysis of the biological 
pathways and processes affected in different 
biological samples or whether one is interested 
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in a specifi c protein or protein complex. Global 
phosphoproteomic datasets can be analyzed 
as with any other “omic” (transcriptomic, pro-
teomic, metabolomic, etc.) dataset by com-
mercially or publicly available bioinformatics 
tools such as MetaCore (  www.thomsonreuters.
com    ), Ingenuity Pathway Analysis (  www.inge-
nuity.com    ), or DAVID (david.abcc.ncifcrf.gov). 
An additional type of analysis available for 
phosphoproteomic data is to identify potential 
kinases responsible for altered phosphorylation 
both in global datasets and on specifi c proteins 
of interest. While far from complete, consensus 
phosphorylation sites have been identifi ed for a 
number of different kinases, and this data can be 
used to ascertain which kinases are activated or 
inhibited in different biological samples or which 
kinase is responsible for a specifi c phosphoryla-
tion event. Several kinase prediction tools have 
been developed for this purpose and include 
ScanSite (scanscite.mit.edu) and NetPhos (  www.
cbs.dtu.dk/services/NetPhos    ).  

9.7     Validation and Functional 
Analysis 

 Optimally, the existence of phosphorylation sites 
and differential regulation observed in different 
biological conditions should be validated with 
phosphorylation-specifi c antibodies. While hun-
dreds of phosphorylation-specifi c antibodies are 
now commercially available, this represents only 
a small percentage of identifi ed phosphorylation 
sites. In the case of fi laggrin, for example, there 
are at least 96 putative phosphorylation sites 
reported, but no phosphorylation-specifi c anti-
bodies are commercially available or have been 
reported in the literature. Custom phosphorylation- 
specifi c antibodies can be made in the laboratory 
(or by a number of antibody-generating compa-
nies), but extreme care must be used in selecting 
specifi c phosphorylation sites to analyze due to 
the time and costs associated with this endeavor. 
Functions of identifi ed phosphorylation sites can 
also be analyzed using site-directed mutagenesis 
approaches [ 10 ] to determine effects on protein 
structure, stability, localization, protein complex 

formation, activity, etc. But again, care must be 
taken to prioritize the large number of identifi ed 
phosphorylation sites for follow-up studies.  

9.8     Phosphoproteomics 
and Filaggrin 

 Filaggrin is a protein important for maintaining 
skin barrier function and hydration and exists 
as a large 435 kD pro-fi laggrin form that gets 
processed into fi laggrin monomers that bind to 
and cross-link keratin fi bers in the stratum cor-
neum of skin and provide the protein degradation 
products that act as natural moisturizing factors 
[ 46 ]. Pro-fi laggrin has long been known to be a 
heavily phosphorylated protein, making it highly 
insoluble, and a general decrease in phosphoryla-
tion is thought to be required prior to its proteoly-
sis into fi laggrin monomers [ 47 ]. As mentioned 
above, global phosphoproteomic studies have 
identifi ed at least 96 fi laggrin phosphorylation 
sites, and this likely underrepresents the total 
number of phosphorylation sites. Little is known 
about how most of these phosphorylation sites 
affect  fi laggrin functions and how they are reg-
ulated during development and differentiation 
and in pathophysiological conditions involving 
fi laggrin. 

 Phosphoproteomic analysis of fi laggrin poses 
some unique challenges compared to other pro-
teins.    First off, its expression is largely confi ned 
to highly differentiated tissues such as skin, and 
therefore, tissue culture cells, for which many of 
the phosphoproteomic analyses have been opti-
mized, cannot be used. Since skin tissue grown in 
vitro or obtained from animal or patient samples 
must be used, the SILAC labeling approach 
described above is not feasible; however, label- 
free or iTRAQ approaches are available. The 
large size of pro-fi laggrin makes mapping all or 
most phosphorylation sites a formidable task, 
and the use of a top-down approach to analyze 
intact pro-fi laggrin would prove to be diffi cult, 
although this could be more easily performed on 
fi laggrin monomers. One advantage of working 
with fi laggrin is its high abundance in epidermal 
fractions, and an upstream purifi cation strategy 
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[ 48 ] could be employed to focus on fi laggrin 
phosphorylation sites. 

 While to date there have been no phosphopro-
teomic studies focused on fi laggrin, a recent 
global phosphoproteomic study on a reconsti-
tuted skin model identifi ed novel phosphoryla-
tion sites on pro-fi laggrin that are differentially 
regulated after exposure to ionizing radiation and 
could impact pro-fi laggrin processing [ 1 ]. The 
iTRAQ method was used to demonstrate that 
radiation affected a pro-fi laggrin phosphopeptide 
at both a low (10 cGy) and high (2 Gy) doses of 
radiation (Fig.  9.2a ). Alignment of this phospho-
peptide indicated that it is present in multiple 
copies in the repetitive linker regions located 
between the fi laggrin monomers where proteo-
lytic processing of pro-fi laggrin occurs [ 49 ]. 
Radiation exposure also affected processing of 
pro-fi laggrin into fi laggrin monomers (see 
Fig.  9.2b ), suggesting these linker region phos-
phorylation sites could regulate pro-fi laggrin 

 processing (see Fig.  9.2c ). Sequence alignment 
of the rat, mouse, and human linker regions dem-
onstrate that the amino acids comprising the 
phosphorylation site identifi ed here are unique to 
human pro-fi laggrin [ 50 ] and may present a novel 
mechanism for humans to regulate pro-fi laggrin 
processing in response to ionizing radiation and 
possibly other types of skin stress.

9.9        Future Directions 

 The fi eld of phosphoproteomics has made great 
progress in identifying global alterations in 
phosphorylation in multiple biological settings. 
Improvements in both methods and instrumen-
tation now make it possible to identify greater 
than 15,000 phosphorylation sites in a single 
experiment and generate quantitative data on the 
majority of these [ 51 ]. Several important issues, 
however, remain to be solved. Precise  localization 
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  Fig. 9.2    Phosphoproteomic analysis identifi es fi laggrin 
as a target of ionizing radiation. ( a ) The spectra from an 
iTRAQ-labeled phosphopeptide are shown and match the 
sequence SGpSFLYQVSTHEQSESAHGR. The boxed 
area shows the relative peptide levels in sham, low-dose (3 
and 10 cGy) and high-dose (200 cGy) treated samples. ( b ) 
Radiation also affects processing of profi llagrin into fi lag-

grin monomers, which is evident in both whole skin and 
subcellular skin compartments including cytoplasmic 
extracts ( CE ), nuclear extracts ( NE ), and chromatin 
extracts ( ChrE ). ( c ) From this, a model is proposed in 
which linker dephosphorylation, a step inhibited by radia-
tion exposure, is required prior to calcium-dependent pro-
teolysis into fi laggrin monomers       
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of phosphorylation sites within a phosphopeptide 
remains a key issue, and assignment of a phos-
phate group to the wrong amino acid will impact 
downstream validation and functional assays 
relying on phosphorylation site-specifi c antibod-
ies and site-directed mutagenesis. This issue is 
often the result of limited MS/MS fragmenta-
tion effi ciencies that provide missing information 
on phosphorylation site localization. This can 
be overcome by applying multiple fragmenta-
tion methods (CID/ETD/ECD) and developing 
new methods, such as ultraviolet photodissocia-
tion [ 52 ], which can generate more informative 
MS/MS spectra. In addition, even with the abil-
ity to identify thousands of phosphopeptides in 
a single experiment, most phosphorylation sites 
are unaccounted for and key regulatory sites 
may be missed. Experiments focused on a puri-
fi ed protein of interest can provide much greater 
sequence coverage, and continued development 
of new technologies such as top-down pro-
teomics will enable protein-wide PTM analysis. 
Given the number of PTMs and their complex-
ity, validation and functional characterization 
of phosphorylation sites will remain a daunting 
challenge. 

 A phosphoproteomic experiment dedicated to 
the analysis of purifi ed fi laggrin would undoubt-
edly identify a much larger number of phosphor-
ylation sites than currently reported. Quantitative 
comparisons of these sites in normal skin and 
from patients suffering from atopic dermatitis 
(AD) could provide insight into posttranslational 
mechanisms that regulate fi laggrin in normal skin 
and during pathogenesis. Functional validation of 
these sites would be challenging due to fi laggrin 
expression and function in terminally differenti-
ated skin layers. For example, a functional assay 
for a fi laggrin phosphorylation site may require 
knocking out the endogenous protein in keratino-
cytes, replacing it with a phosphorylation site 
mutant, allowing the cells to differentiate, and 
then performing some type of functional assay 
such as measuring skin barrier function. The 
repetitive nature of fi laggrin would also further 
complicate these experiments since a phosphory-
lation site may be present in multiple copies. 
Another approach that has not been explored is to 

perform a comprehensive and quantitative phos-
phoproteomic analysis of normal and AD skin 
that could be combined with transcriptomic [ 53 ] 
and proteomic [ 54 ] approaches to identify 
affected signaling pathways. This could result in 
new targets for therapeutic intervention to help 
improve skin barrier function and/or alleviate the 
associated infl ammation.     
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10.1            Raman Spectroscopy 

 Chandrasekhara Venkata Raman (1888–1970) 
started working on the scattering of light around 
1921, when he published a note in  Nature  enti-
tled “The colour of the sea” [ 1 ]. In this note, he 
explained that the color of the ocean is due to 
scattering and does not depend on the refl ection 
of the sky. His subsequent work on scattering 
resulted in the discovery of the Raman effect in 
1928, for which he was awarded the Nobel Prize 
just 2 years later in 1930 [ 2 ]. 

 The Raman effect consists of a shift in photon 
energy due to inelastic collisions of photons with 
molecules [ 2 ]. When light interacts with matter, it 
gets absorbed or scattered, and the scattered light is 
most of the time of the same wavelength as the 
incident radiation (Rayleigh scattering); however, 
approximately one out of 10 7  photons is scattered 
at a different wavelength due to the gain or loss of 
energy because of inelastic collisions with mole-
cules [ 2 ]. The amount of shift in wavelength 
depends on whether the molecule is moving, rotat-
ing, or vibrating; therefore, the wavelength shift 
can be of a rotational, vibrational, or translational 
nature. These wavelength shifts are unique for each 
molecule, and they provide a fi ngerprint of the 
molecular structure of the sample that can be used 
to identify the  material that is being analyzed [ 2 ]. 

 The Raman spectrum shows the scattering 
intensity as a function of the frequency difference 
between the incident and the scattered light; this 
difference is usually known as the “Raman shift.” 
A Raman spectrum of a given sample consists of a 
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series of peaks that give detailed information about 
its chemical composition. It is also worth noting 
that the intensity of the peaks is proportional to the 
concentration of the molecule from which this 
peak arises; therefore, a quantitative analysis and 
molecular concentration profi les can be obtained 
using Raman spectroscopy [ 2 ]. Figure  10.1  shows 
the Raman spectrum of isopropyl alcohol.

10.2        Instrumentation and 
Experimental Techniques 

 A Raman spectrometer useful in a clinical setting 
should be an integrated system that can provide 
real-time spectral acquisition and analysis [ 2 ,  3 ]. 

 A Raman spectrometer for biological applica-
tions consists of fi ve major components [ 3 ]:
    1.    An illumination source   
   2.    Light delivery   
   3.    Raman probe   
   4.    Raman signal delivery   
   5.    Detector and computer control/processing    

  A schematic of the typical arrangement of 
these components is shown in Fig.  10.2 .

   Lasers are the ideal illumination sources for 
Raman spectroscopy; they can provide a highly 
monochromatic optical source at relatively high 
powers [ 2 ]. The choice of wavelength depends 
mainly on the application. In the case of biologi-
cal tissue, a near-infrared (NIR) laser is used since 
this wavelength can penetrate farther in biological 

 tissue, which is due to the existence of a so-called 
therapeutic window from 700 to 1,200 nm, where 
the absorption of the human tissue is the lowest 
and, therefore, is more transparent to light. Also, 
NIR lasers produce less fl uorescence than lower-
wavelength lasers, making them ideal for highly 
fl uorescent samples such as biological tissue 
[ 2 ,  3 ]. Most of the Raman spectroscopy systems 
for skin diagnosis use a 785-nm diode laser as the 
illumination source, since it provides an inexpen-
sive light source that generates low fl uorescence 
and can penetrate deep into human tissue. 

 The most commonly used method for light deliv-
ery in Raman spectrometers for clinical applications 
is optical fi bers. Raman probes vary depending on 
the clinical application. For endoscopy, the Raman 
probe is entirely composed of fi bers due to size limi-
tations [ 3 ]. In the case of taking Raman spectra of 
skin, the probe consists of a bundle of fi bers where 
usually the middle one is bigger and transports the 
illumination source and several smaller ones carry 
the light scattered by the sample. Figure  10.3  shows 
a schematic of a typical Raman probe used for 
Raman spectroscopy; in the fi gure it can be seen 
how in the same bundle of fi bers lie the illumination 
source and the fi bers that collect the scattered light.

Isopropyl alcohol

1,000500

Wavenumber (cm–1)

R
am

an
 in

te
ns

ity
(a

.u
.)

1,500

  Fig. 10.1    Raman spectrum of isopropyl alcohol       
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  Fig. 10.2    Schematic of a typical Raman system for bio-
logical applications, which consists of an ( a ) illumination 
source, ( b ) fi ber-based light delivery, ( c ) Raman probe, 
( d ) Raman scattering light collection, and ( e ) detector and 
computer processing       
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10.3        Fluorescence Removal 
Algorithms 

 A big issue in Raman spectroscopy applied to 
biological tissue comes from the fact that the 
probability of Raman scattering is several orders 
of magnitude less than the intrinsic fl uorescence 
emission of biological tissues; therefore, fl uores-
cence is an important source of interference for 
the Raman signal [ 4 ]. 

 Fluorescence removal can be done by using 
instrumentation or computational approaches. 
The instrumentation methods include shifted 
excitation and time gating [ 5 – 7 ]. The computa-
tional methods include polynomial fi tting [ 8 ], 
Fourier transformation [ 9 – 11 ], wavelet transform 
[ 12 – 14 ], and fi rst- and second-order differentia-
tion [ 15 ,  16 ], among others. 

 Polynomial curve fi tting has a distinct advantage 
over other fl uorescence reduction techniques 
because of its simplicity and effectiveness [ 8 ]. It is 
faster than other methods and has been widely used 
for in vivo biomedical Raman applications [ 12 ,  13 ]. 

 Another advantage of polynomial curve fi tting 
resides in the fact that it does not alter the spectral 
signatures and intensities of the original Raman 
spectra. The method is based on the principle that 
fl uorescence can be mathematically modeled as a 
polynomial function. Empirically, fi fth-order 
polynomials provide the best fl uorescence approx-
imations for in vivo biomedical applications [ 17 ]. 

 The Vancouver Raman algorithm is an iterative 
automated algorithm for fl uorescence removal 
based on polynomial fi tting [ 8 ]. The advantage of 

this method is that it includes a statistical method 
to account for noise effects and Raman signal con-
tribution. The fi nal polynomial fi t is regarded as 
the fl uorescence background. The Raman spectra 
are derived from the raw spectra by subtracting the 
fi nal polynomial function. This algorithm was 
developed by researchers at the BC Cancer Agency 
(British Columbia, Canada) and is free for non-
commercial use and can be downloaded from 
  http://www.fl intbox.com/public/project/1956    . 

 Figure  10.4  shows the Raman spectra of gluta-
mine with and without fl uorescence removal.

10.4        Raman Spectrum 
of Filaggrin 

 In order to quantify the amount of a specifi c sub-
stance in Raman spectra, it is necessary to know 
in advance the Raman spectrum for that specifi c 
substance. In order to measure the Raman spec-
trum of fi laggrin, pure fi laggrin human recombi-
nant protein was obtained from GenWay Biotech, 
Inc. (San Diego, CA). 

 The pure fi laggrin human recombinant protein 
was fi rst characterized using sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE). SDS-PAGE is the most commonly used 
gel electrophoresis technique for proteins; it is 
particularly useful for monitoring the fractions 
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  Fig. 10.3    Raman probe illustrating a typical fi ber place-
ment used to illuminate and collect scattered light in a 
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  Fig. 10.4    Raman spectra of glutamine ( a ) with fl uores-
cence emission and ( b ) without fl uorescence, which has 
been removed by the Vancouver computer algorithm       
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obtained during chromatographic or other purifi -
cation procedures [ 18 ]. It also allows samples 
from different sources to be compared for protein 
content. One of the most important features of 
PAGE is that it is a simple, reliable method to 
estimate the molecular weight of proteins. 

 SDS-PAGE (12 % gel) was performed on a 
vertical gel electrophoresis system. Samples were 
subjected to electrophoresis at constant voltage, 
70 V for 30 min followed by 120 V for 1 h in a 
Tris–HCl buffer. The gel was stained for 1 h with 
0.25 % Coomassie brilliant blue R-250 in a water/
methanol/acetic acid mixture. To ensure accuracy 
in the results, both the marker protein and the 
fi laggrin were electrophoresed on the same gel 
under identical separation conditions. Three gels 
were generated for statistical signifi cance. 

 The PAGE of fi laggrin is shown in Fig.  10.5 . 
In this confi guration, the fi rst lane contains the 
marker protein and the second lane contains the 
fi laggrin. As shown in Fig.  10.5 , the band in the 
second lane (fi laggrin) corresponds to 53 kDa 
which agrees with the technical specifi cations 

provided by GenWay Biotech, Inc., regarding the 
human recombinant protein used.

   After the characterization of the Raman spec-
trum, an in vitro measurement of pure fi laggrin 
was performed in order to have a fi xed spectrum 
that will help analyze the Raman measurements 
and assess their fi laggrin concentration. The mea-
surements were performed at room temperature 
using a quartz cuvette and a Raman Systems 
R3000 spectrometer (Ocean Optics, Dunedin, 
FL, USA) with a 785-nm laser diode and a spec-
tral resolution of 8 cm −1  and at a laser power of 
300 mW. Figure  10.6  shows the measured Raman 
spectrum of the pure fi laggrin protein.

10.5        Quantifi cation of Filaggrin 
in Raman Spectra of 
Human Skin 

 Several published works have used Raman spec-
troscopy to analyze the molecular composition of 
skin and correlate it with history of atopic derma-
titis (AD) and fi laggrin gene ( FLG ) mutations; 
however, very few of them have measured 
directly the fi laggrin molecule. 

 Mlitz et al. [ 19 ] used Raman spectroscopy 
to analyze the skin of 196 French adults, which 
included 97 with a history of AD. Noninvasive 
Raman skin measurements were used to analyze 
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  Fig. 10.5    Polyacrylamide gel electrophoresis (PAGE) 
results. The lanes contain a marker protein ( left ) and the 
fi laggrin ( right ). The band in the second lane (fi laggrin) 
corresponds to 53 kDa       
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  Fig. 10.6    Raman spectrum of pure fi laggrin human 
recombinant protein obtained from GenWay Biotech, Inc. 
(San Diego, CA)       
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the concentrations of water, total natural mois-
turizing factors (NMFs), alanine, glycine, his-
tidine, lactate, ornithine, proline, urocanic acid 
(UCA), pyrrolidone-5-carboxylic acid (PCA), 
urea, ceramide 3, and cholesterol, which are break-
down products of fi laggrin that usually accumulate 
in the stratum corneum. The results showed that 
stratum corneum concentrations of total NMFs, 
water, ornithine, and UCA were signifi cantly lower 
in AD patients than in healthy controls; also,  FLG  
mutations were associated with increased stratum 
corneum levels of lactate. These fi ndings can be 
used to predict the presence of FLG mutations by 
noninvasive Raman spectroscopy. 

 Kezic et al. [ 20 ] also measured NMFs nonin-
vasively on the skin of 137 Irish children with a 
history of moderate to severe AD. Results showed 
that  FLG  mutations have a more signifi cant effect 
on NMFs than AD severity, which the same 
group also proved using noninvasive Raman 
spectroscopy [ 21 ,  22 ]. 

 The methods to quantify the presence of a 
specifi c molecule in a Raman spectrum require 
that the Raman spectrum of the molecule be 
known in advance. The most popular methods 
rely on quantifying the similarities of the refer-
ence spectrum with the measured spectra, which 
can be done by performing a correlation between 
 spectra or by analyzing a set of spectra by trans-
forming them into their principal components 
using a technique known as principal component 
 analysis (PCA). 

10.5.1     Correlation Between 
the Measured Spectra 
and a Reference Spectrum 

 The simplest way of quantifying the presence 
of a particular substance whose spectrum is 
known is to calculate the correlation between 
the measured spectra and the reference spec-
trum in order to determine the similarities 
between them. The main advantage of using 
this method is that it can be done with a single 
measured spectrum, whereas principal compo-
nent analysis works better when a large set of 
spectra is analyzed.  

10.5.2     Principal Component 
Analysis (PCA)  

 The PCA transforms N spectra into N principal 
components, which are independent of each 
other, and it gives an N × N matrix, which con-
tains the coeffi cients for the transformation 
between the original data and the principal com-
ponents, and also provides N eigenvalues describ-
ing the importance of the corresponding principal 
component. 

 These principal components are given in 
decreasing order of importance, which means that 
the fi rst principal component can explain the larg-
est quantity of the variance of the original data, 
the second one explains more variance than the 
third, and so on. In the terminology used by the 
PCA, these variance contributions are known as 
eigenvalues. One of the advantages of the PCA is 
that, by evaluating the relative importance of the 
consecutive principal components, it is possible to 
reduce the dimension of the data set by fi nding 
a smaller collection of spectra that explain a given 
and acceptable amount of variance [ 23 ,  24 ]. 

 Taking into account the properties of PCA, 
a method has been developed to analyze Raman 
spectra in order to fi nd the contribution of a refer-
ence spectrum in the measurements [ 25 ]. This 
method consists of including the reference spec-
trum with the original data set containing the 
Raman spectra of the measurements and 
 analyzing the results obtained by applying the 
PCA method. 

 By plotting the coeffi cients obtained by the 
PCA as a function of each other and knowing 
information about the spectra, one can fi nd which 
coeffi cients correspond to certain physical or 
clinical attributes; therefore, the coeffi cients can 
be used to predict that particular physical phe-
nomena in similar spectra analyzed by PCA. 

 Another method used to evaluate spectra by 
PCA involves grouping together eigenvalues in 
order to reduce the dimension of the data and 
only take into account the fi rst independent prin-
cipal components and consider the rest as noise 
contributions. Afterwards, the principal compo-
nents that are related to the reference spectrum 
are identifi ed. A new set of reconstructed spectra 
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is generated using only the reference spectrum- 
related principal components and compared 
with the original ones. The square mean devia-
tion between the original and the reconstructed 
spectra is calculated for each spectrum in order 
to determine the contribution of the reference 
spectrum- related principal components to the 
original spectra. A larger square mean deviation 
will mean that those spectra will have a lower 
contribution from the reference spectrum, which 
might indicate a degraded or the absence of the 
molecule used as reference.   

10.6     Clinical Applications 

10.6.1     Noninvasive Detection 
of Filaggrin in Newborns 
and Its Association with AD 

 In this work, the presence of the protein fi laggrin 
in the skin of newborns was detected using 
Raman spectroscopy and PCA as an early detec-
tion procedure for fi laggrin-related AD [ 25 ]. 

 Twelve healthy infants born without complica-
tions from healthy mothers participated in this 
study. Raman scattering measurements were per-
formed on the right thigh for each infant at birth; the 
measurements were performed at room temperature 
using a Raman Systems R3000 spectrometer 
(Ocean Optics, Dunedin, FL, USA) with a 785-nm 
laser diode, a spectral resolution of 8 cm −1 , and a 
laser power of 90 mW. The irradiance of this laser 
diode is below the ANSI standard for skin, and none 
of the participants showed any kind of discomfort 
when the measurement was performed. 

 The measurements were performed in the 
200–1,800 cm −1  spectral range, and the instru-
ment was calibrated using a Tefl on standard every 
day before each round of measurements. 

 The participants of this study were monitored for 
1 year to see whether any of them developed AD. 
The dermatologist’s diagnosis of AD was made 
according to standard criteria in the presence of a 
chronic or chronically relapsing pruritic dermatitis 
with the typical morphology and distribution [ 26 , 
 27 ]. From the 12 infants measured and monitored, 3 
of them developed AD in the course of 1 year. 

 The analysis consisted in applying the PCA to 
the 12 measured spectra and the fi laggrin refer-
ence spectrum, producing 13 principal compo-
nents. Using a statistical criterion to group 
together the principal components [ 23 ], it was 
found that, with a level of confi dence of 99 %, the 
fi rst eight components are statistically indepen-
dent from each other, and after the eighth compo-
nent, there is a statistical dependence between 
them that may be associated with noise [ 23 ]. The 
fi rst eight principal components explain 99.84 % 
of the total variance of the data. 

 In order to fi nd the presence of fi laggrin in the 
spectra, the coeffi cients of the principal compo-
nents for each spectrum were plotted. The fi rst 
and second principal components account for 
93.86 % of all the variance of the original data. 
Figure  10.7  shows a graph of these two principal 
components for each of the spectra measured 
from the newborns.

   The green triangles correspond to those infants 
who developed AD; the rest of the subjects are 
grouped together around the location of the fi lag-
grin spectrum (represented as a red square). The 
geometrical distance of each of the measured 
spectra to the spectrum of fi laggrin in the principal 
component plane indicates which subjects have a 
higher content of pure fi laggrin and which ones 

1.0

1.0

0.8

0.8

0.6

0.6

0.4

0.4

PC1

P
C

2

0.2

0.2
0.0

0.0

  Fig. 10.7    Plot of the two fi rst principal components of 
the Raman spectra for each newborn and the Raman spec-
trum of fi laggrin. The distance between each point repre-
senting a measurement and the fi laggrin spectrum 
indicates which subjects have a higher quantity of fi lag-
grin in their skin       
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have less amount of fi laggrin or which ones have a 
fi laggrin with a different molecular structure than 
the molecule that was taken as reference spectrum. 
This result indicates that this approach can be used 
to identify the persons who are more susceptible to 
develop AD, making it possible to use this tech-
nique as a method for early detection of AD [ 25 ].  

10.6.2     Correlation of  FLG  Mutations 
and Skin Filaggrin Content 
Measured Using Raman 
Spectroscopy 

 In this work, the fi laggrin content in the skin is 
assessed using Raman spectroscopy, and the 
results are compared to their fi laggrin genotype 
in order to validate the use of Raman spectros-
copy as a noninvasive tool to detect fi laggrin gene 
mutations [ 28 ]. 

 In this study, 19 Mexican-Mestizo patients 
with major complaints of pruritus and dry skin 
were analyzed. Raman scattering measurements 
were performed on the inner area of the forearm 
of the 19 patients, approximately 10 cm above 
the wrist. The measurements were made at room 
temperature using a Raman Systems R3000 spec-
trometer (Ocean Optics, Dunedin, FL, USA) with 
a 785-nm laser diode, a spectral resolution of 
8 cm −1 , and a laser power of 90 mW. 

 All the measured spectra were preprocessed 
by subtracting a fi fth-grade polynomial to the raw 
spectra applying the fl uorescence removal algo-
rithm proposed by Zhao et al. [ 8 ], also known as 
the Vancouver algorithm, in order to remove the 
background NIR fl uorescence and leave the pure 
Raman signal. 

 DNA was obtained from buccal cells using the 
Gentra Puregene (Qiagen) protocol using a gly-
cogen and isopropanol precipitation with freez-
ing for higher recovery. The FLG was amplifi ed 
by polymerase chain reaction (PCR) based on 
sequences published by Smith et al. [ 29 ]. For the 
R501X mutation detection, a 311pb PCR fragment 
was incubated with 5 units of Nla III restriction 
enzyme (New England Biolabs), and the products 
were resolved by a 3 % agarose 1,000 (Invitrogen) 
or 12 % acrylamide gel  electrophoresis; normal 

sequence produces 204 and 107 pb fragments and 
the mutant sequence generates the same 107 pb 
fragment plus additional 128 and 76 pb frag-
ments. The 2284del4 mutation, which creates a 
new restriction site, was detected incubating an 
811 pb fi laggrin DNA fragment with the Dra III 
(New England Biolabs) enzyme; products were 
resolved on a 2 % regular agarose gel. 

 The amount of fi laggrin on the measured 
samples was estimated by performing the cor-
relation between the pure fi laggrin spectrum 
and the spectra obtained from the subjects under 
study; this correlation was performed using 
the Mathematica (Wolfram Research, Inc., 
Champaign, IL, USA) computer software. This 
approach gives an advantage over principal com-
ponent analysis since it does not need a large data 
sample for good accuracy and can be performed 
over just one spectrum. 

 The genetic analysis showed that 8 out of the 
19 patients (42 %) presented a FLG mutation. 
These 8 patients presented the 2282del4 FLG 
mutation, 2 of which (10.5 %) were homozygous 
and 6 (31.5 %) heterozygous, whereas 1 (5.2 %) 
resulted in a compound heterozygote for the 
2282del4 and the R501X mutations. 

 These genetic results were compared to the 
fi laggrin content estimation; a lower correlation 
value of the spectra with the pure fi laggrin spec-
trum indicates a lower fi laggrin concentration 
relative to the rest of the correlation results. 

 Figure  10.8  shows the results of the correla-
tion for the patients with a  FLG  mutation ( FLG  –) 
and without a  FLG  mutation ( FLG  +). The 
patients with a  FLG  mutation presented an aver-
age correlation of 0.286 (SD = 0.082), while the 
patients without a  FLG  mutation showed an aver-
age correlation of 0.4 (SD = 0.08).

   From Fig.  10.8  it can be seen that 7 out of 8 
patients with a  FLG  mutation (87.5 %) presented 
a correlation lower than 0.35 and 8 out of the 11 
patients without the R501X and 2284del4  FLG  
mutations (72.7 %) presented a correlation higher 
than 0.35 (dotted line in Fig.  10.8 ). 

 Even though the patients that participated in 
this study did not undergo the diagnostic criteria 
for AD, the percentage that presented  FLG  muta-
tions (42 %) is not too far from the percentage of 
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 FLG  mutations present in the Caucasian popula-
tion, where loss-of-function mutations are detect-
able in about one-third of patients with AD [ 30 ]. 
A study with a larger number of Mexican-Mestizo 
patients who comply with the diagnostic criteria 
for AD is currently underway in order to compare 
the incidence of these mutations to the European 
population.   

    Conclusion 

 Raman spectroscopy is one of the techniques 
that have been actively researched as a pos-
sible method to perform “optical biopsies” 
where optical techniques are used to distin-
guish healthy from diseased tissue. One of 
the main advantages of using Raman spec-
troscopy in optical biopsies is that water is 
not Raman active, so it does not interfere 
with the measurements; also, Raman spec-
troscopy gives a molecular fi ngerprint of a 
substance that can be used to noninvasively 
detect it for clinically relevant information. 
Among the disadvantages of Raman spectros-
copy is that not all the molecules are Raman 
active, which means that some molecules do 
not give a strong Raman signal. Another dis-
advantage is that the small quantities of clini-
cally relevant substances in biological tissue 
go beyond the detection limit of conventional 
Raman spectrometers, making them very 

 diffi cult or impossible to detect; a way around 
this problem is by increasing the sensitivity 
of Raman spectroscopy measurements using 
techniques such as surface-enhanced Raman 
spectroscopy (SERS). In the particular case of 
fi laggrin, this molecule has been successfully 
characterized by Raman spectroscopy and can 
be detected at physiological levels in the skin, 
and Raman spectroscopy measurements have 
been successfully correlated to clinical fi nd-
ings. This indicates that Raman spectroscopy 
can be a  useful technique for early diagnosis 
and monitoring of fi laggrin defi ciencies and 
fi laggrin-related diseases.     
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11.1            General Genotyping 

 The human genome features a large number of 
nucleotide polymorphisms (SNPs), microsat-
ellites, deletions, and insertions. Detection of 
genetic variations has evolved from the classic 
labor-intensive polymerase chain reaction (PCR)-
mediated amplifi cation coupled with restriction 
fragment length polymorphism (RFLP) to high- 
throughput systems using DNA microarrays, 
(Affymetrix, Illumina), PCR-based TaqMan 
chemistry [ 1 ,  2 ], or DNA sequencing-based 
methods such as pyrosequencing (Biotage) or 
minisequencing (Perkin Elmer) and to mass spec-
troscopy methods such as iPLEX/MassARRAY 
(Sequenom). All methods have their pros and 
cons, and the method of choice depends upon 
whether known or unknown genetic variants are 
of interest, whether few or many samples need to 
be investigated, and available fi nancial resources 
and instruments.  

11.2     Filaggrin 

 Profi laggrin is a member of the S100 calcium- 
binding protein family and is one of the largest 
human proteins (~400 kDa). For the major part, 
it consists of 10–12 repetitive fi laggrin domains, 
each with 324 amino acid residues and a very 
similar composition. The fi laggrin gene ( FLG ) 
(GenBank NM_002016.1) is located on human 
chromosome 1q21 and comprises three exons 
and two introns [ 3 ,  4 ]. More than 1,300 genetic 
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variants in the  FLG  are registered in different 
databases. About 60 of these mutations result in 
loss of function, due to introduction of early 
stop codons or frameshifts [ 5 – 14 ]. Some muta-
tions are more frequent in Northern Europeans, 
while others are more frequent in Asians 
populations. 

 It took several years to identify the fi rst clini-
cal relevant mutations due to the repetitive nature 
of the  FLG . The endeavor toward successful 
identifi cation of the fi rst two mutations [ 7 ,  15 , 
 16 ] has been described by McLean [ 17 ]. 

11.2.1     Sample Material 

 Many filaggrin genotyping reports do not state 
the source of genomic DNA [ 12 ,  13 ,  18 – 73 ]. 
Most studies that state information about the 
source use blood leukocytes [ 14 ,  15 ,  40 ,  74 –
 119 ], but the use of saliva [ 8 ,  75 ,  76 ,  83 ,  120 –
 122 ], buccal swabs [ 75 ,  92 ,  104 ,  115 ,  118 , 
 120 ,  123 – 132 ], tissue [ 8 ], or urine [ 133 ] have 
also been reported. In addition, we have geno-
typed samples from serum, as well as forma-
lin-fixed paraffin- embedded material. The 
method we developed for serum-based DNA 
extraction and purification begins with 
0.25 mL serum and provides sufficient DNA 
for approximately 100 filaggrin genotyping 
PCRs. With formalin-fixed tissue, some kind 
of purification is necessary, even though sim-
ple heat treatment-based extraction can be suf-
ficient, but in our experience it has worked 
with variable success. 

 Blood leukocytes are a convenient source for 
DNA, primarily due to established routines for 
sampling and patient identifi cation with barcode, 
but any available cellular material will do. Some 
have advocated utilizing repeated sampling and 
analysis of genetic assays in order to minimize 
sample mix-up errors, but it has not yet been 
adopted for fi laggrin genotyping. Keeping the 
sample in the original barcode-labeled sample 
tube and with as few analytic transfers as possi-
ble is advisable.   

11.3     DNA Isolation Methods 

 Most reports have performed some purifi cation, 
disregarding the source of DNA [ 14 ,  74 ,  77 – 80 , 
 84 – 91 ,  109 – 117 ,  124 – 127 ,  131 – 134 ]. Only a few 
groups use crude DNA extracts [ 96 ,  118 ]. We 
have performed genotyping on purifi ed DNA but 
only if this material already was at hand. We pre-
fer a simple cell lysis step using potassium 
hydroxide, as it is simple to perform and keeps the 
test costs low [ 135 ]. However, crude extracts can 
only be used if the genotyping method is robust 
and does not require purifi ed DNA. As mentioned 
above, isolation of DNA from serum and forma-
lin-fi xed tissue does require purifi cation. Our 
method for retrieving DNA from serum samples 
is based on classic phenol-chloroform extraction 
followed by ethanol-based DNA precipitation.  

11.4     Mutation Determination 
Methods 

 Virtually all methods for genotyping rely on hybrid-
ization (annealing) of a short synthetic oligonucle-
otide (10–40 bases) to one or the other genomic 
DNA strand. This is performed either at the muta-
tion site or some distance up or downstream. In 
combination with an enzyme and the nucleotides, 
the annealed oligonucleotide is extended at the 3′ 
end or ligated to another oligonucleotide. This 
occurs using the classic Sanger’s dideoxy sequenc-
ing method, all PCR, and all the other methods used 
for fi laggrin genotyping. The challenge of these 
methods is to ensure correct hybridization, i.e., the 
non-covalent, sequence- specifi c binding between 
two complementary strands of nucleic acids. 
Correct hybridization depends on the melting tem-
perature ( T  m ) given by the relevant DNA sequence, 
to break the two hydrogen bonds between A=T and 
three hydrogen bonds between G≡C. To ensure cor-
rect selection, high-stringency hybridization condi-
tions are essential, and these are determined by the 
annealing temperature as well as the ion strength 
(salt concentration) and presence of additives such 
as DMSO. 
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 Below is a short description of the most fre-
quently used methods for  FLG  mutation detec-
tion. Many reports describe a mix of different 
methods for the different  FLG  mutations and 
have altered techniques over time. Some reports 
do not disclose information about the genotyping 
method applied [ 13 ,  19 ,  26 ,  33 ,  58 ]. Other meth-
ods for SNP genotyping such as high-density oli-
gonucleotide SNP arrays (i.e., Affymetrix) and 
fl ap endonuclease (FEN) Invader assay have not 
been reported in fi laggrin genotyping.  

11.5     Unknown Mutations 

 The identifi cation of previously unknown muta-
tions requires a DNA sequencing method. As a 
single sequencing reaction cannot cover the 
whole length of the  FLG , most methods rely on 
PCR-amplifi ed smaller fragments primarily 
using the primers originally described [ 7 ,  15 , 
 122 ]. A few reports have utilized classic cloning 
of fragments [ 97 ,  136 ], but most sequence PCR- 
amplifi ed fragments. If a non-proofreading poly-
merase was used for the amplifi cation, errors 
might be introduced in early PCR cycles, so 
novel found mutations need to be confi rmed in 
separate processes. Screening for unknown muta-
tions can be performed by some kind of melting 
point detection of partially denatured DNA with 
temperature gradient electrophoresis or 
LightCycler (real-time PCR). Altered melting 
temperature indicates a mutation, but sequencing 
is required for identifying the mutation.  

11.6     Known Mutations 

11.6.1     Sequencing 

 The Sanger’s chain-termination sequencing 
developed in 1977 is still the method of choice 
for DNA sequencing in spite of the relatively 
high costs. Today most use automated fl uores-
cence dideoxynucleotides triphosphates (ddNTP) 
with capillary electrophoresis size detection. 

Newer, cheaper methods have been developed, 
but have not found use in fi laggrin research yet. 
The method is considered the gold standard and 
is used to validate other methods. In addition, it is 
required to detect previously unknown mutations 
and seems to be a preferred method for the detec-
tion of many Asian mutations. It has been one of 
the fi rst methods for identifi cation of  FLG  muta-
tions and is still widely used [ 11 ,  14 ,  15 ,  23 ,  31 , 
 34 ,  62 ,  66 ,  78 ,  79 ,  85 ,  86 ,  89 ,  93 – 95 ,  98 ,  99 ,  101 , 
 102 ,  109 – 111 ,  113 ,  114 ,  132 ]. Most sequence 
PCR fragments, but classical cloning with subse-
quent sequencing has also been reported [ 97 , 
 136 ].  

11.6.2     Restriction Fragment Length 
Polymorphism (RFLP) 

 RFLP is the earliest method used to detect muta-
tions and is simple to perform. Originally it was 
performed directly on genomic DNA followed by 
hybridization with radioactively labeled DNA 
fragments. More recently, RFLP analysis has 
been performed following PCR-based amplifi ca-
tion of a specifi c region of the  FLG . RFLP makes 
use of different restriction endonucleases and 
their high affi nity to cut unique and specifi c DNA 
sequences. By performing a restriction digest on 
a double-stranded DNA sample and determining 
the resulting fragment lengths, it is possible to 
determine whether a specifi c restriction site is 
present. Some still use sizing of the fragment on 
agarose gels, but most use some kind of auto-
mated assay like capillary electrophoresis RFLP. 

 The advantage of the method is that mutation 
detection not only relies on the hybridization 
specifi city of the PCR primer but also on the 
restriction enzyme as well as the correct size. 
Some mutations of interests do not include a 
restriction enzyme recognition site, but this might 
be artifi cially created by mismatches included in 
an oligonucleotide in a previous PCR amplifi ca-
tion step. However, this method is potentially 
compromised by other genetic variations at the 
recognition site for the restriction enzyme that 
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may abolish or introduce digestion, resulting in 
misinterpretation. The requirement for specifi c 
endonucleases, the fact that the exact mutations 
cannot necessarily be resolved in a single experi-
ment, and the subsequent sizing assays make 
RFLP a poor choice for high-throughput analy-
ses. In spite of this, many still use this technique, 
especially in detection of the 2282del4 mutation 
[ 8 ,  10 ,  12 ,  15 ,  31 ,  44 ,  47 ,  48 ,  53 ,  54 ,  57 ,  59 ,  61 , 
 64 ,  66 ,  75 ,  77 ,  83 ,  85 ,  87 ,  88 ,  92 ,  93 ,  103 ,  104 , 
 106 – 110 ,  112 – 115 ,  117 ,  120 ,  122 ,  124 ,  128 ,  130 , 
 131 ,  133 ,  137 – 144 ].  

11.6.3     Allele-Specifi c PCR 

 Allele-specifi c PCR comes in many variants. 
Generally, allele specifi city occurs by two prim-
ers hybridizing on their 3′ end to either the wild-
type or the mutant variant. With careful 
optimization, allele-specifi c amplifi cation is pos-
sible in combination with a common primer tar-
geting the opposite DNA strand. Many assays use 
a variation of this method, alone or in combina-
tion with other techniques.  

11.6.4     Fluorescent PCR Fragment 
Length Analysis 

 For SNPs, the amplifi ed PCR fragments are the 
same size provided both allele-specifi c primers 
have the same length, but in case of insertion or 
deletion variants (such as 2282del4), the 
 fragments differ in size. Originally, sizing of 
products was performed by gel electrophoresis 
with ethidium bromide intercalating and UV 
light visualization, and this method is still in use. 
However, many reports describe the use of 
 fl uorescent nucleotides or primers to allow 
 automated fragment sizing by capillary gel elec-
trophoresis on instruments also used as DNA 
sequencers [ 5 ,  8 ,  10 – 12 ,  16 ,  18 ,  20 ,  29 ,  30 ,  46 , 
 49 – 52 ,  54 ,  55 ,  61 ,  62 ,  64 – 66 ,  77 ,  80 ,  82 ,  83 ,  87 , 
 91 ,  104 ,  108 ,  109 ,  112 ,  113 ,  117 ,  120 ,  125 ,  130 , 
 132 ,  134 ,  143 ,  145 ,  146 ].  

11.6.5     Competitive Allele-Specifi c 
PCR (KASP) 

 This method is a variant of the allelic-specifi c 
PCR combined with competitive binding of two 
allele-specifi c forward primers, each incorporat-
ing unique tail sequences corresponding to two 
different FRET cassettes, one labeled with FAM 
dye and the other with HEX dye. The assay has 
relative low reagent costs and does not require a 
specifi c fl uorescent reader; however, it does 
require purifi ed DNA, which increases test costs 
dramatically. The producer (LGC Genomics, 
Hoddesdon, UK) offers both reagents and geno-
typing services with assays that are either func-
tionally or in silico validated. KASP is likely to 
be applied more frequently in the future due to 
the low test costs. It has already found its way 
into fi laggrin genotyping [ 127 ,  128 ,  130 ,  131 ].  

11.6.6     Suspension Array-Based 
Allele-Specifi c PCR (Luminex) 

 We use a suspension array of spectrally coded 
microbeads for our preferred genotyping method. 
Hybridization to the microbead-based suspen-
sion array is preceded by a multiplexed, allele- 
specifi c, asymmetric PCR using tagged primers. 
Detection following hybridization to the suspen-
sion array uses a dedicated fl ow cytometer 
(Luminex, Austin, TX, USA) [ 147 ]. This method 
is also a variant of allele-specifi c PCR with 
tagged primers, somewhat like the KASP assay 
but with a biotinylated common primer. The 
allele-specifi c primers are in limiting concentra-
tions relative to the common primers to ensure 
the generation of biotinylated single-stranded 
PCR products incorporating the anti-tag DNA 
sequence that will hybridize to the spectrally 
coded microbeads carrying tag sequences as cap-
ture probes. Hybridized PCR products are made 
fl uorescent by labeling with streptavidin- 
phycoerythrin, and each bead is decoded and 
analyzed in the dedicated fl ow cytometer, in our 
case a Bio-Plex 200 (Bio-Rad, Hercules, CA, 
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USA). The combination of asymmetric PCR- and 
allele-specifi c primers in limiting concentration 
allows for optimization of the individual PCR 
reactions and enables detection of multiple both 
wildtype and mutant variants in the same tube. 
As only very few beads are necessary, the test 
cost is relatively low and can be performed with 
detection of at least six mutations in 96-well 
plates [ 29 ,  41 ,  67 – 73 ,  118 ,  119 ,  135 ,  147 – 158 ]. 
The method does not require purifi ed DNA. 
Hence, crude extracts from a simple alkaline 
lysis of blood work fi ne, contributing to keep test 
costs low.  

11.6.7     5′ Nuclease (TaqMan) 

 This method is also a variant of allele-specifi c 
PCR. It exploits the 5′ nuclease activity of the 
Taq polymerase. The TaqMan assay (Life 
Technologies, Carlsbad, CA, USA) is performed 
concurrently with a PCR reaction, and the results 
can be read in real time [ 159 ]. The assay requires 
forward and reverse PCR primers that will 
amplify a region that includes the polymorphic 
site. Allele discrimination is achieved using one 
or two allele-specifi c probes that hybridize spe-
cifi cally to the polymorphic site. The probes will 
have a fl uorescence resonance energy transfer 
(FRET) fl uorophore at the 5′ end and a quencher 
molecule linked to their 3′ end. When the probe 
is intact, the quencher is in close proximity to the 
fl uorophore, preventing the fl uorophore signal. 
During the PCR annealing/amplifi cation step, the 
allele-specifi c probe binds to the target DNA 
strand and then gets degraded by 5′ nuclease 
activity of the Taq polymerase as it extends the 
DNA from the PCR primers resulting in the sepa-
ration of the fl uorophore from the quencher mol-
ecule thereby generating a detectable signal. The 
assay can be multiplexed by up to seven SNPs in 
one reaction using different fl uorophores. 
However, since the selectivity is in the different 
probes, multiplexing can be diffi cult. Also this 
assay is prone to errors by other sequence varia-
tions close to the mutations site. However, as 

amplifi cation and detection occur simultane-
ously, it is easy to perform many simultaneous 
reactions in microtiter plates even in automated 
setup. The method requires relatively expensive 
probes and instruments, and optimization of the 
assay may be necessary. The method was quickly 
adopted by McLean and coworkers, especially 
for the R501X detection and many other research-
ers have used it since [ 8 ,  16 ,  20 ,  22 ,  28 ,  29 ,  35 , 
 37 ,  38 ,  45 ,  46 ,  49 – 52 ,  54 – 57 ,  61 ,  62 ,  64 – 66 ,  74 , 
 77 ,  81 ,  82 ,  85 ,  94 – 96 ,  100 ,  102 ,  104 ,  107 ,  116 , 
 117 ,  122 ,  125 ,  129 ,  134 ,  145 ,  160 ].  

11.6.8     Primer Extension (iPLEX, 
MALDI-TOF) 

 The iPLEX (Sequenom, San Diego, CA, USA) is 
a PCR-based method that starts by amplifying 
fragments of approximately 100 base pairs 
around the SNP of interest [ 161 ]. The generated 
fragments are subsequently treated with shrimp 
alkaline phosphatase to inactivate remaining 
nucleotides and then subjected to a single-base 
extension reaction. The adduct-forming ions are 
removed by adding an anion exchange resin. 
Matrix-assisted laser desorption/ionization time-
of- fl ight mass spectrometry (MALDI-TOF) anal-
ysis is performed by deposition of the reaction 
products into silica-based chip arrays containing 
matrix spots (3-hydroxypicolinic acid) in a 384 
format. The charged ions of various sizes are 
generated on the sample slide, by a potential dif-
ference between the sample slide and ground. As 
the potential difference is constant with respect to 
all ions, ions with smaller m/z value (lighter ions) 
and more charged ions move faster through space 
until they reach the detector. Consequently, the 
time of ion fl ight differs according to the mass of 
the generated DNA fragments. It is possible to 
design algorithms that allow automated design of 
primers for 20–30 plex reactions. 

 The method is useful for low- to medium- 
throughput analyses; however, it requires rather 
expensive instrumentation. The method is also 
infl uenced by primer hybridization, but this does 
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not have effects upon the allele specifi city. This 
method has only been used by a few groups for 
fi laggrin genotyping [ 29 ,  38 ,  57 ,  60 ,  100 ]. 

 Comparable alternative SNP genotyping tech-
nologies have not been reported for fi laggrin 
genotyping, including SNPstream from Beckman 
Coulter (Fullerton, CA, USA) and SNPlex from 
ABI (Foster City, CA, USA), both of which have 
the capability to multiplex 12–48 SNP assays in a 
384-well format.  

11.6.9     GoldenGate 

 The GoldenGate method (Illumina, San Diego, 
CA, USA) is an allele-specifi c extension and 
ligation assay [ 162 ]. Allele discrimination is 
achieved by two primers that have a base comple-
mentary to each of the two alleles at the 3′ end. 
The primers will get extended from the 3′ end 
only if the primers match completely. Both prim-
ers have a unique sequence at the 5′ end, which 
binds to PCR primers a later stage. The reaction 
mixture contains a reverse third primer common 
to both alleles. This primer has two unique 
sequences in addition to the gene-specifi c 3′ end, 
an address tag that allows for specifi c binding to 
a solid beadchip support and a 5′ tag that will be 
recognized by the fi nal PCR primer. If extension 
occurs, a ligase will connect the reverse primer to 
the extended sequence. In the fi nal PCR reaction, 
a reverse PCR primer and Cy3 and Cy5 
fl uorescent- labeled downstream primers generate 
products that can hybridize to one of the 1,520 
different beads on the chip, and the signal is then 
read by a BeadStation that has been mapped to 
known location and identity [ 38 ,  82 ].   

11.7     Errors and Prevention 

 All assays are prone for erratic results, so the 
challenge is to minimize their frequency. Nearly 
all described methods utilize some kind of ampli-
fi cation step of a specifi c DNA fragment. This 
process is performed over and over, and huge 
quantities of the amplifi ed DNA are generated in 
the laboratory. These molecules have the  potential 

to contaminate future samples, as it was seen in 
the beginning of clinical DNA testing where all 
samples turned out positive after a few months 
[ 163 ,  164 ]. Severe preventative actions are 
strongly recommended, as are very stringent 
clean-up using a hypochlorite solution, discard-
ing of all used reagents, UV irradiation of work-
space for PCR setup in a dedicated laminar fl ow 
bench, and use of fi lter tips. In addition to physi-
cal separation of PCR setup facilities and PCR 
product analysis facilities is the use of uracil- 
DNA glycosylase (UNG) and substitution of 
dTTP with dUTP in the PCR process, an impor-
tant preventive step [ 165 ]. This enables the diges-
tion of any PCR products introduced into the 
sample, thus ensuring amplifi cation of genuine 
DNA and eliminating false positives. Surprisingly, 
it seems that our laboratory is the only one report-
ing the use of UNG. A single group states that 
they do not use UNG [ 116 ], but the rest do not 
mention the possibility. Some groups might have 
used UNG without mentioning it, but many use 
polymerases that are known to be incapable of 
incorporating uracil nucleotides. 

 Another general problem is erratic priming. 
Most techniques use specifi c priming of a short 
oligonucleotide where the purine-pyrimidine base 
hydrogen bond pairing provides the binding 
strength. Several factors can infl uence the binding 
strength, such as temperature, ionic strength, and 
concentrations, but primarily mismatch in the 
pairing. Any change from the expected sequence 
alters the priming, and either no or false priming 
may occur and lead to erratic interpretation of the 
results. We have discovered a G->A substitution 
21 base pairs upstream of the 2282del4 site at the 
5′ of our allele-specifi c forward primer. In 
2282del4 negative samples (i.e., 2282del4 wild-
type) with this G->A substitution, we get a 
reduced wildtype signal, which does not interfere 
with the genotype interpretation. But with 2282del 
positive samples (i.e., 2282del4 heterozygotes), 
the reduced wildtype signal results in a reduced 
“wildtype signal to mutation signal ratio” that 
falls outside of both the wildtype and the hetero-
zygote range. A similar fi nding has also been seen 
in other genotyping assays like the HFE gene 
mutations H63D, and S65C [ 166 ]. 
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 A thorough validation of each method is nec-
essary. Copying published methods is a good 
start, but cannot substitute validation. We have 
experienced variations in assay performance 
depending upon, e.g., the chosen polymerase, 
thermocycler, and sample material. Using 
reagents from the same producer minimizes the 
problems, but we have experienced that a sup-
plier of Taq polymerase suddenly sends an infe-
rior product without being able to explain the 
change or difference. Several thermocyclers of 
the same brand and model sitting on the same 
bench may have different performance. All these 
variables may be a concern with only “in silico 
verifi ed” methods, especially when offered com-
mercially without any insight in methodological 
problems. 

 Magnolis et al. [ 38 ] compared an allele- 
specifi c extension/ligation beadchip assay 
(GoldenGate, Illumina) with a Taq 5′-exonucle-
ase/FRET assay (TaqMan, Roche). Even though 
both assays gave perfect retest results, the posi-
tive predictive value for the GoldenGate assay 
was only 53 % assuming the TaqMan assay as the 
golden standard. As such they advocated for the 
use of the TaqMan method for  FLG  mutation 
detection. However, they do not provide any 
details for the beadchip assay, and it seems that it 
has been established by the commercial company 
without proper validation.  

11.8     Other Methods 

 A few investigations have been performed with 
other genotyping methods. These include dena-
turing high-performance liquid chromatography 
[ 99 ], which uses reversed-phase HPLC to inter-
rogate SNPs. It is easily automated, as no label-
ing or purifi cation of the DNA fragments is 
needed, but the column temperature must be opti-
mized for each target in order to achieve the right 
degree of denaturation. Others have used record-
ing of melting temperatures of fl uorescence- 
labeled PCR fragment [ 126 ] following 
allele-specifi c PCR [ 21 ,  83 ,  133 ]. The heterozy-
gotes can be identifi ed as the heteroduplexes 
changed the shape of the melting curve. In most 

cases, homozygous polymorphisms are also 
distinguishable. 

 As a curiosity, Raman spectroscopy has been 
used to identify fi laggrin defi ciency in skin 
extract [ 124 ,  167 ,  168 ].  

    Conclusion 

 Every laboratory testing procedure, no matter 
how well established, involves the possibility of 
generating error. This is equally true for genetic 
testing. For example, the PCR method for DNA 
amplifi cation allows minute quantities of DNA 
to be multiplied in a way that facilitates testing. 
Yet there is a danger that the sample tested may 
get contaminated with extraneous genetic mate-
rial, such as from previously amplifi ed products 
or from the operator, thus amplifying irrelevant 
DNA. There are also occasional errors with the 
sequence fi delity of amplifi ed products, result-
ing in reading errors. Careful testing according 
to ISO 15189 (Medical Laboratory 
Accreditation) or CLIA certifi cation (Clinical 
Laboratory Improvement Amendments) is 
strongly recommended. Inclusion of samples 
with a known genotype in each test run is also 
prudent. Exchange of samples among other fi l-
aggrin genotyping laboratories is a quality-
ensuring task. We encourage any laboratory that 
performs fi laggrin genotyping to participate in 
the External Quality Assessment  FLG  program 
from the European Molecular Genetics Quality 
Network (EMQN). It is a free pilot program that 
we have initiated. At the moment, only the 
mutations c.1537C > T, c.2318_2321del, and 
c.7375C > T, commonly designated as R501X, 
2282del4, and R2447X, are reported.     

  Confl ict of Interest   Neither of the authors has a confl ict 
of interest to declare.  
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        The impact of fi laggrin gene ( FLG ) mutations 
seems to have a peculiar pattern on disease, 
strongly associated with certain diseases (atopic 
dermatitis (AD) [ 1 ], ichthyosis vulgaris (IV) [ 2 ]) 
and having disease-modifying effects in others 
(i.e., X-linked recessive ichthyosis, pachyonychia 
congenita) [ 3 – 5 ]. Nevertheless,  FLG  mutations 
seem to be prevalent even in the general popula-
tion. The identifi cation of disease-causing  FLG  
mutations, being either nonsense or frameshift 
mutations in a protein-coding exon, has enabled 
identifi cation of causative variants directly from 
sequence analysis [ 1 ,  6 ]. Due to the close homol-
ogy between different fi laggrin repeats, genotyp-
ing has been hampered until a comprehensive 
sequencing strategy was established [ 1 ,  2 ,  7 ]. The 
repetitive nature of the region is refl ecting the 
scarce information currently available in public 
databases on  FLG  mutation prevalence data or 
haplotype-tagging SNPs in general populations. 
Although this is likely to change, currently  FLG  
mutation prevalence data are mainly derived 
from individual studies, where either the entire 
 FLG  gene has been sequenced or, for the main 
part, only selected known risk variants tested [ 8 ]. 
Therefore, there is a risk of underestimating the 
prevalence rates in populations where only cer-
tain variants have been tested. Taking that into 
account, loss-of-function variants have been 
extensively studied in certain populations such as 
the UK, Germany, and Japan and are prevalent in 
the general population, as well as robust risk fac-
tors for developing disease. The prevalence of 
 FLG  mutations still remains largely unexplored 
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in many populations or entire continents, such as 
South America and Oceania. However, from 
studies conducted to date, a picture is emerging 
where the prevalence rate of  FLG  gene mutations 
clearly seems to vary between different popula-
tions, both in the general population and in indi-
viduals with IV and AD (Fig.  12.1 ) [ 9 ,  10 ].

   Each ancestral population has its own unique 
spectrum of mutations; some are shared and 
some unique. Many are found on different haplo-
types. Thus, individual variants can only partially 
mediate the contribution of  FLG  mutations to 
disease manifestation and thereby contribute to 
the heterogeneous mutation pattern conferring 
the genetic risk for developing AD and IV. More 
than 40 mutations besides the two most common 
ones in the European population (R501X and 
2282del4) have been detected to date [ 10 ], all 

leading to loss of fi laggrin expression. The preva-
lence of  FLG  loss-of-function variants has dis-
tinct differences among different ethnic groups, 
and each population’s burden of  FLG  mutations 
differs, in both overall impact and the impact of 
each individual mutation. It is yet to be demon-
strated whether, for instance, variation in intra-
genic gene dosage [ 11 ] follows the same pattern. 
   The variation detected so far in intragenic gene 
dosage of fi laggrin seems to occur through dupli-
cation of repeat eight, repeat ten, or both. For 
instance, an individual carrying two 12-repeat 
alleles (through duplication of 8 and 10) will 
therefore have more available fi laggrin compared 
to an individual carrying two 10-repeat alleles. 
Therefore, it is possible that such variation in fi l-
aggrin amount in the skin may vary in-between 
populations, just as the prevalence of truncating 
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  Fig. 12.1    Schematic overview over the reported distribution of  FLG  gene mutations in the general population ( a ) as 
well as among individuals with AD ( b )       

 

M.C.G. Winge and M. Bradley



121

mutations, also leading to a variation in available 
fi laggrin. Therefore, further mapping of these 
largely population-specifi c mutations is neces-
sary for estimating the global prevalence of  FLG  
mutations in the general population as well as the 
combined association with AD and IV. 

12.1     Europe 

 The initial association studies revealing  FLG  
mutations as causative IV and strongly associated 
with AD [ 1 ,  2 ] were mainly including patients of 
Irish, Scottish, and Danish descent. Subsequently, 
 FLG  mutation prevalence has been extensively 
studied in European populations and is predicted 
to be present in 7–10 % of the European popula-
tion [ 6 ]. Although the prevalence of  FLG -null 
mutations varies across Europe, R501X and 
2292del4 are the two most common ones and 
have consistently shown signifi cant association 
with AD and IV, as well as being largely preva-
lent in the general population across the conti-
nent [ 12 ]. In the European population, although 
frequently studied, the impact of  FLG  mutations 
remains to be defi ned for several populations in 
Europe. Even within populations where the muta-
tion prevalence has been reported, there is a need 
for additional studies, including all known vari-
ants, to fully estimate the impact of the  FLG  
mutations described to date [ 8 ]. Comparing some 
of the prevalence data reported throughout 
Europe, among individuals where at least one 
loss-of-function allele has been reported, high-
lights that there is clearly variation within Europe 
(Table  12.1 ). Interestingly, the Northern coun-
tries seem to have a higher prevalence of  FLG  
mutations compared to Mediterranean countries, 
both in the general population and among AD 
patients. For instance, Scandinavian countries 
(Sweden and Denmark) have a prevalence of 5.7–
8.1 % in the general population and 12.5–19.7 % 
of AD patients [ 14 ,  29 – 31 ,  58 – 60 ]. Similar prev-
alence has been reported from the UK, 7.6–
14.2 % (18.1–55.2 %) [ 1 ,  7 ,  26 ,  36 ,  37 ], and 
Germany, 3.8–9.6 % (15.2–22.9 %) [ 16 – 22 ,  25 , 
 28 ,  32 ]. However, in the Mediterranean coun-
tries, Croatia, 2.7 % (2.6 %) [ 61 ], and Italy, 4 % 

(3 %), are  FLG  mutation carriers. In fact, both 
R501X and 2282del4 seem to be rare even among 
Italian AD cases (allele frequency <1 % for 
each), and exon and promoter sequencing in 220 
AD patients only identifi ed three additional rare 
mutations and no association with AD [ 27 ,  62 ]. 
The pattern of  FLG  mutations in other 
Mediterranean populations has not yet been 
examined, but the Italian and Croatian data sug-
gest that different genetic factors may predispose 
to atopic dermatitis in these populations warrant-
ing further investigation [ 6 ].

12.2        Asia 

  FLG  mutations are associated with disease in 
several Asian populations; however, the mutation 
spectrum varies [ 10 ] and is more family specifi c 
than the few presumably ancestral mutations 
seen in the European population. The mutation 
pattern in studied Asian populations is distinct 
and complex and is described separately in a sub-
sequent chapter. Briefl y, studies from Japan, 1.5–
6.5 % of the general population (5.6–27 % with 
AD) [ 50 ,  51 ,  63 – 65 ]; Korea, 1.5 % (2.4 %) [ 66 ]; 
China, 0–6.5 % (15–31.4 %) [ 44 ,  67 ,  68 ]; and 
Taiwan, 3.8 % (14.7 %) [ 57 ], indicate that a 
larger number of mutations, with a more family- 
specifi c distribution pattern, give rise to a com-
bined, strong risk of developing AD and IV. A 
comparison that has been made between the 
European population and the Singaporean 
Chinese well highlights these discrepancies. In 
the European population, two prevalent  FLG  
mutations account for over 80 % of the  FLG -null 
alleles, whereas in the Singaporean Chinese pop-
ulation there are eight different  FLG -null muta-
tions that account for 80 % of the spectrum of 
 FLG  mutations [ 56 ].  

12.3     North America and Africa 

 In North American and African populations, less 
genotype information than in Europe and Asia is 
available. Data from a Canadian population stud-
ied in relation to peanut allergy showed that 11 % 
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   Table 12.1     FLG  mutation prevalence in different populations   

 Author  Population  GP ( n )   FLG  mut GP (%)  AD ( n )   FLG  mut AD (%) 

 Gruber et al. [ 13 ]  Austria  110  2.7 
 Thyssen et al. [ 8 ]  Denmark  3,335  8.1  177  19.7 
 Thyssen et al. [ 14 ]  Denmark  2,500  7.6 
 Mlitz et al. [ 15 ]  France  99  4  97  10.3 
 Betz et al. [ 16 ]  Germany  449  8  145  15.2 
 Marenholz et al. [ 17 ]  Germany  871  9.4 
 Stemmler et al. [ 18 ]  Germany  667  9.6  374  15.8 
 Weidinger et al. [ 19 ]  Germany  2,864  7.7 
 Cramer et al. [ 20 ]  Germany  2,867  6.2 
 Oji et al. [ 21 ]  Germany  752  4.6 
 Weichenthal et al. [ 22 ]  Germany  276  7.6 
 Huffmeier et al. [ 23 ]  Germany  376  3.8 
 Novak et al. [ 24 ]  Germany  1,468  7.5 
 Greisenegger et al. [ 25 ]  Germany  402  7.7  462  22.9 
 Palmer et al. [ 1 ]  Ireland  186  8.6  55.8 
 Sandilands et al. [ 7 ]  Ireland  736  7.6  45.2 
 Zhao et al. [ 26 ]  Ireland/UK  2,117  8 
 Cascella et al. [ 27 ]  Italy  201  4  3 
 Poninska et al. [ 28 ]  Poland  510  4.8 
 Ekelund et al. [ 29 ]  Sweden  386  18.9 
 Ballardini et al. [ 30 ]  Sweden  1,608  6.5  286  13 
 Winge et al. [ 31 ]  Sweden  341  5.7 
 de Jongh et al. [ 32 ]  The Netherlands  217  7.4 
 Palmer et al. [ 1 ]  UK  1,008  9.3 
 Barker et al. [ 33 ]  UK  1,334  8.8  42 
 Brown et al. [ 34 ]  UK  747  11.5  40,2 
 Brown et al. [ 35 ]  UK  789  14.2  18,1 
 Rice et al. [ 36 ]  UK  5,289  9 
 Henderson et al. [ 37 ]  UK  6,971  8.8 
 Van Limbergen et al. [ 38 ]  UK  944  10,9 
 Gaoet al. [ 39 ]  African American  152  1.3  187  6.4 

 African American  177  0.5 
 Margolis et al. [ 40 ]  African American  370  5.8 
 Brown et al. [ 41 ]  Canadian  891  11 
 Winge et al. [ 42 ]  Ethiopian  103  0  106  0,1 
 Margolis et al. [ 40 ]  European American  156  5.8  433  27.5 
 Gao et al. [ 39 ]  European American  276  27.9 
 Palmer et al. [ 1 ]  North African  124  0 
 Li et al. [ 43 ]  China  301  4  339  26 
 Ma et al. [ 44 ]  China  169  6.5  160  15 
 Chen et al. [ 45 ]  China  160  1 
 Zhang et al. [ 46 ]  China  92  0  261  31.4 
 Li et al. [ 47 ]  China  301  4 
 Zhang et al. [ 48 ]  China  100  3 
 Ching et al. [ 49 ]  China  191  0  174  2.3 
 Nomura et al. [ 50 ]  Japan  156  0  143  5.6 
 Nomura et al. [ 51 ]  Japan  133  1.5  102  11.1 
 Nomura et al. [ 52 ]  Japan  134  3.8  137  27 
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of their participants carried  FLG  mutations [ 41 ]. 
In the USA, in a cohort of subjects with AD, 
16.3 % carried one or more  FLG  mutations and 
specifi cally in 27.5 % of Americans of European 
descent and 5.8 % of Americans of African 
descent [ 40 ]. Previously, the prevalence of  FLG  
mutations in the general population has been esti-
mated to be 5.8 % (27.9 % with AD) for European 
Americans and 0.5–1.3 % (6.4 %) for African 
Americans [ 39 ]. In their initial study, Palmer 
et al. genotyped a subset of individuals of North 
African descent without fi nding R501X or 
2282del4 in any patients [ 1 ]. Until recently,  FLG - 
null  mutations had not been detected within 
African populations. A study of an AD and IV 
case-control material in the Ethiopian population 
showed that none of the four common European 
 FLG  mutations (R501X, 2282del4, S3247, 
R2447X) were prevalent. After sequencing 40 
individuals and genotyping for the detected muta-
tion in 209 individuals, only one loss-of- function 
mutation in one individual was identifi ed [ 42 ]. 

 Taken together, a strong association has been 
detected in Northern Europe and North America, 
but in Southern European (Italian and Croatian) 
and African populations (North African and 
Ethiopian), the association to disease and the 
overall prevalence of  FLG  mutations seem to 
diminish. Also, the prevalence of  FLG  mutations 
seems to be lower in African Americans com-
pared to Americans of European descent [ 39 , 
 40 ]. The highest prevalence of  FLG  mutations 
and association to AD seem to follow a north- 
south gradient, and Mediterranean and African 

populations seem to have a distinctively lower 
prevalence.  

12.4     A Possible Evolutionary Role 
of Carrying  FLG  Mutations 

 One explanation could be that the  FLG  mutations 
prevalent today occurred after the major separa-
tion of the respective populations [ 6 ,  10 ,  56 ]. The 
specifi city of these mutations between popula-
tions indicates that they have arisen after diver-
gence of populations. Therefore, populations 
with common ancestors share common ancestral 
mutations, but populations without genetic 
admixture display a different prevalence pattern 
of mutations [ 6 ]. The high prevalence of  FLG  
mutations in some populations, regardless of dis-
ease prevalence, makes it tempting to speculate 
that carrying  FLG  mutations may have or may 
previously have had an evolutionary advantage. 
The phenomenon of a “heterozygote advantage” 
has been discussed in, for instance, malaria- 
endemic areas where a type of balanced selection 
favoring a heterozygous state has been proposed 
in other conditions such as the underlying sickle- 
cell anemia mutations seen in malaria-endemic 
areas [ 69 ]. Varying susceptibility to malaria 
between different ethnic groups has been demon-
strated by polymorphisms in several loci affect-
ing immune response pathways [ 70 ,  71 ]. Such 
genotypic and phenotypic adaptation may also 
play a role in other immune-mediated pathways. 
For instance, it has been discussed that a more 

Table 12.1 (continued)

 Author  Population  GP ( n )   FLG  mut GP (%)  AD ( n )   FLG  mut AD (%) 

 Imoto et al. [ 53 ]  Japan  1,499  6.5 
 Lee et al. [ 54 ]  Korea  133  1.5  42  2.4 
 Chen et al. [ 45 ]  Singapore  100  0 
 Common et al. [ 55 ]  Singapore  434  7.3 
 Chen et al. [ 56 ]  Singapore  433  6.9  390  21.3 
 Wang et al. [ 57 ]  Taiwan  212  3.8  212  14.7 

  Table modifi ed from Thyssen et al. [ 8 ] 
  a Prevalence data reported from selected studies on the European North American and African populations as well as an 
overview of studies investigating  FLG  mutations in Asian populations 
  Abbreviations :  GP  general population or healthy controls,  AD  atopic dermatitis,  FLG  mut fi laggrin gene mutation  
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permeable barrier (such as in fi laggrin-defi cient 
skin) could confer increased immunity to infec-
tions. Repeated low-level exposure of pathogens 
to antigen-presenting cells in the skin might 
increase the immunity against infections during 
pandemics, such as infl uenza, tuberculosis, or the 
bubonic plague that wiped out 30–60 % of the 
entire European population [ 72 ]. These pandem-
ics may not have been as widespread in popula-
tions where  FLG  mutations seem less prevalent. 

 Filaggrin serves several important functions in 
the skin, and the same is true for its degradation 
products. Another hypothesis of a possible evolu-
tionary advantage of carrying  FLG  mutations 
involves altered levels of fi laggrin-degradation 
metabolites. The main degradation products of 
fi laggrin are the two organic acids:  trans - urocanic  
(UCA) and pyrrolidone-5-carboxylic acids. UCA 
is derived from numerous histidine residues of 
fi laggrin, which during fi laggrin degradation 
serve as substrates for the formation of UCA 
[ 72 ]. UCA has been proposed to act as a 
UV-absorbing substance in the stratum corneum, 
and photoisomerization of UCA produces a mol-
ecule with an action spectrum within the UVB 
range [ 6 ]. Filaggrin defi ciency has been associ-
ated with lower concentrations of UCA in skin 
cultures [ 73 ] and in vivo [ 74 ]. Also, a siRNA 
 FLG  knockdown model has shown that lack of 
fi laggrin leads to an increased sensitivity to 
UV-induced apoptosis [ 73 ]. A result of epidermal 
exposure to solar UVB radiation is synthesis of 
vitamin D 3 , which is converted in the liver to 
25-OH vitamin D 3  [ 75 ]. It has been demonstrated 
that individuals carrying common  FLG  muta-
tions may display up to 10 % higher serum 
25-OH vitamin D 3  levels [ 14 ]. Therefore, it is 
possible that the mechanism mediating the sig-
nifi cant differences in 25-OH vitamin D 3  in indi-
viduals with  FLG  mutations could involve a 
differentially altered UV-absorbing capacity in 
fi laggrin-defi cient skin. It remains to be clarifi ed 
how fi laggrin mutations affect serum 25-OH vita-
min D 3  levels, if having a higher serum level 
could have carried an evolutionary benefi t and if 
such mechanism is a factor underlying the high 
frequency of mutations in Northern countries 
with less UVB exposure. 

 Several studies, some included here, indicate 
that  FLG  loss-of-function variant is less common 
in certain populations. As  FLG  mutations clearly 
have a signifi cant burden on common skin dis-
eases, other mechanisms may be more important 
for the pathogenesis of IV and AD in the groups 
where  FLG  gene mutations do not seem to be 
involved in the pathomechanism. Other differen-
tial mechanisms could include, besides differen-
tial abnormal fi laggrin regulation, such as 
cytokine-mediated downregulation [ 76 – 79 ], 
other environmental or genetic triggers of the 
immune response and involve other barrier- 
related genes. For instance, defects in tight junc-
tion genes have been linked to AD [ 80 ] and the 
late cornifi ed envelope genes  LCE3B / C  to psoria-
sis [ 81 ]. It is also possible that IV and AD may be 
less common in populations with lower incidence 
of  FLG  mutations, which needs to be determined 
in further epidemiological studies. It remains to 
be clarifi ed if the explanation to the high preva-
lence in certain populations involves an evolu-
tionary advantage of being an  FLG  mutation 
carrier. Although  FLG  loss-of-function variants 
are a robust risk factor for developing common 
skin disease, the mutation prevalence displays a 
remarkable variation among different popula-
tions. This variation may have important clinical 
signifi cance for AD and IV patients from certain 
populations, both considering future therapies 
aimed at compensating for  FLG  loss-of-function 
mutations and delineating the impact of other 
genetic and environmental risk factors on dis-
eases associated with epidermal fi laggrin 
defi ciency.     
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        Currently, a total of 51 null mutations in the fi lag-
grin gene ( FLG ) have been identifi ed in ichthyosis 
vulgaris (IV), atopic dermatitis (AD), and asthma 
patients from seven Asian populations (main-
land Chinese, Taiwanese, Singaporean    Chinese, 
Japanese, Korean, Pakistani, and Bangladeshi). 
Only three  FLG  mutations, R501X, 2282del4, 
and E2422X, are shared by European and Asian 
populations. But their weight in the spectrums 
of the two continents populations differs sig-
nifi cantly. The mutation 3321delA is the most 
prevalent mutation in fi ve Asian populations 
(Japanese, Singaporean Chinese, mainland 
Chinese, Taiwanese, and Korean) [ 1 – 7 ]; how-
ever, it has not been reported in European popula-
tions. The mutation R501X, also being identifi ed 
in fi ve Asian populations (Japanese, Singaporean 
Chinese, mainland Chinese, Bangladeshi, and 
Pakistani) and common in European popula-
tions, however, was rare in Asians [ 4 ,  5 ,  8 – 10 ]. 
The mutation Q2417X is common in mainland 
Chinese, Taiwanese, as well as Singaporean 
Chinese [ 1 – 4 ,  11 ,  12 ]. Each of the 12  FLG  muta-
tions, including 7 nonsense mutations (R826X, 
S1302X, S1515X, E2422X, S2706X, K4671X) 
and 4 frameshift mutations (441delA, 2282del4, 
6950del8, 7945delA), has been found in two 
Asian populations [ 1 ,  4 ,  10 ,  12 – 14 ]. 

 The remaining 39 (76.5 %)  FLG  mutations 
are population-specifi c or family-specifi c. 
Five nonsense mutations (S1695X, Q1701X, 
S2554X, S2889X, S3296X), originally iden-
tifi ed in Japanese, have not yet been found in 
other Asian populations [ 5 ,  15 ,  16 ]. A total 
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of 12  FLG  mutations, including 5 frameshift 
mutations (1640delG, 2952delC, 4004del2, 
4275del2, 8393delA), 5 nonsense mutations 
(G323X, Q368X, S406X, Q1745X, R4307X), 
and 2 insertion mutations (1249insG and 
9040_9058dup), were shown to be specifi c 
to Singaporean Chinese [ 4 ,  12 ]. Nineteen 
 FLG null  variants, including 9 frameshift 
 mutations (441-442delAG, 3222del4, 4026delT, 
4271delAA, 5757del4, 6218- 6219delAA, 
6834del5, 7145del4, 8001del4), 9 nonsense 
mutations (Q1070X, R1140X, Q1256X, 
R1474X, Q1712X, Q1790X, Q2397X, R4306X, 
Q4492X), and one insertion mutation 478insA, 
are specifi c to mainland Chinese [ 1 ,  2 ,  17 – 20 ]. 
A nonsense mutation E1795X has only been 
found in one IV family of Taiwanese [ 3 ]. The 
2767insT mutation, initially found in two 
IV-affected individuals from a Bangladeshi 
family, has not been reported in other Asian 
populations [ 10 ] (Fig.  13.1 ).

13.1       Japanese 

 Nomura et al. carried out the fi rst study of  FLG  
mutations in an Asian population. They demon-
strated the absence of European prevalent  FLG  
mutations (2282del4 and R501X) in 253 Japanese 
individuals and identifi ed two novel  FLG null  
mutations (3321delA and S2554X) in four 
Japanese families with IV. Eight (5.6 %) of 143 
Japanese patients with AD were found to carry 
the two novel mutations (S2554X and 3321delA 
in six and two patients, respectively) [ 15 ]. Neither 
of them was found in 156 controls. In another 
study, the allele frequency of S2554X and 
3321delA in AD patients was 3.4 and 2.7 %, 
respectively. Only 1 % of healthy subjects carried 
the two  FLG null  mutations. Mutation S2554X 
and combined  FLG null  variants (S2554X and 
3321delA) were both associated with the devel-
opment of AD signifi cantly in the family and 
case-control studies [ 21 ]. 
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  Fig. 13.1    Spectrum of fi laggrin gene ( FLG ) mutations in Asia among various populations       
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 In 2008, Nomura et al. screened the two muta-
tions (3321delA and S2554X) in seven Japanese 
families with IV. Two of the families were shown 
to harbor neither of them. A comprehensive 
sequencing of  FLG  gene was subsequently per-
formed in the two families with IV. Another two 
 FLG  null mutations (S2889X, S3296X) were 
subsequently identifi ed. A study on the four  FLG  
null mutations (3321delA, S2554X, S2889X, 
and S3296X) in an AD cohort showed that 10 
(9.8 %), 6 (5.9 %), 4 (3.9 %), and 3 (2.9 %) of 
102 unrelated Japanese patients with AD carried 
the mutations S2889X, S2554X, 3321delA, and 
S3296X, respectively. More than 20 % of 
Japanese AD patients were found to be carriers 
of the four null variants in the  FLG , compared to 
3 % in controls. A signifi cant association between 
the combined  FLG  mutations (3321delA, 
S2554X, S2889X, and S3296X) and AD was 
confi rmed [ 5 ]. 

 The null variant Q1701X, found in a homozy-
gous state in a proband with IV, was carried by 
1.7 % of AD patients. The mutation S1695X, 
located in six amino acids upstream from Q1701X, 
was found to be extremely rare. About 25 % of 
Japanese patients with AD were carriers of one or 
more of the six  FLG  null mutations (R501X, 
3321delA, S2554X, S2889X, S3296X, Q1701X, 
and S1695X), compared to 4 % of controls. A 
strong association between the combined  FLG  
null mutations and AD was demonstrated [ 16 ]. 

 In addition, the mutation K4021X in the 
C-terminal incomplete fi laggrin repeat was car-
ried by 4 (2.9 %) of 137 Japanese patients with 
AD [ 14 ]. A compound heterozygous carrier of 
both R501X and 3321delA was also found in a 
Japanese patient severely affected by AD and IV. 
Of note, the R501X mutation in the family with-
out European ancestry was on a different haplo-
type from that found in Europeans. Hence, the 
mutation R501X was carried on one of the two 
11-repeat fi laggrin alleles (each carries a dupli-
cated repeat 8) in Europeans, whereas in the 
Japanese family, the R501X was on one of the 
12-repeat fi laggrin alleles (each carries dupli-
cated repeat 8 and duplicated repeat 10). The 
mutant allele in Europeans also carries a single 
nucleotide polymorphism p.R3564L in fi laggrin 

repeat 10, whereas all members in the Japanese 
family were homozygous for a different single 
nucleotide polymorphism, p.R3564H, in the 
same codon on repeat 10. The mutation R501X is 
rare in Japan because it has been excluded from 4 
individuals with IV, 143 individuals with AD, 
and 391 controls [ 22 ]. 

 In general, eight different  FLG  mutations 
(R501X, 3321delA, S1695X, Q1701X, S2554X, 
S2889X, S3296X, and K4021X) have been found 
in Japanese patients with AD and IV. Mutations 
S2889X, S2554X, 3321delA, S3296X, and 
K4021X were shown to be more prevalent in AD 
patients in Japanese population, whereas R501X, 
Q1701X, and S1695X were relatively uncom-
mon. Up to 27 % of Japanese AD patients were 
shown to carry one or more of the eight  FLG  null 
mutations compared to that 3.7 % in general con-
trols. Hence,  FLG  null mutations are signifi cantly 
associated with AD in the Japanese population 
[ 14 ]. 

 In 2010, Osawa R et al. carried out a study 
analyzing  FLG  mutations, AD, and asthma in 
Japanese. They screened for the eight identifi ed 
 FLG  mutations in a cohort of 172 AD patients 
(73 experienced complications with asthma), 134 
unrelated controls, and 137 patients with asthma. 
It was shown that 27.4 % of patients with AD 
complicated with asthma carried one or more 
 FLG  mutations; 26.3 % of AD patients without 
asthma carried one or more  FLG  mutations. The 
 FLG  variants were also carried by 3.7 % of con-
trol individuals. In European populations, the 
proportion was 7.5 %. Eight percent of the asthma 
patients carried one or more  FLG  mutations. Of 
asthma patients complicated by AD, 22.2 % car-
ried one or more  FLG  mutations; 5.9 % of asthma 
patients without AD carried one or more  FLG  
mutations. It was confi rmed that in Japan there 
was a strong association between  FLG  mutations 
and AD with or without asthma and between 
 FLG  mutations and asthma patients who had AD 
[ 23 ]. However, no association between asthma 
and  FLG  mutations was identifi ed. 

 Imoto et al. carried out the fi rst population- 
based study in Asia on the effects of  FLG  null 
mutations on atopic phenotypes. The study 
included a total of 1,575 participants. Four  FLG  
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mutations (3321delA, S2554X, S2889X, and 
S3296X) were genotyped in 1,499 participants. 
Of 1,093 participants who completed the asthma/
rhinitis questionnaire, 98 (6.5 %) of them had at 
least one  FLG  null mutation, and one participant 
was compound heterozygote for the null muta-
tions. Interestingly, the mutation S2554X in  FLG  
was demonstrated to be statistically associated 
with allergen sensitization in the Japanese popu-
lation [ 6 ].  

13.2     Singaporean Chinese 

 Early in 2008, Chen et al. performed full sequenc-
ing of the  FLG  in eight unrelated Singaporean 
Chinese IV patients. Two of the IV patients were 
compound heterozygous carriers of the 441delA 
and 1249insG, and 1249insG and 7945delA 
mutations, respectively. The other four patients 
were heterozygote for the E2422X, Q2417X, 
7945delA, and R4307X mutations, respectively. 
Among 100 Singaporean and 160 Chinese nor-
mal controls, only the mutation E2422X, initially 
reported in a Dutch IV patient, was identifi ed in a 
Chinese control [ 12 ]. Subsequently in 2011, Chen 
et al. carried out a comprehensive  FLG  analysis 
of 69 individuals with IV and 23 individuals with 
AD and revealed 21 mutations in the cohort. Two 
of them were 3321delA and R501X, which were 
most common in Asian and European popula-
tions, respectively. In the process of screening 
for the 21  FLG  mutations in 425 individuals with 
AD, a novel mutation 4275del2 was identifi ed. 

 Ultimately, a total of 22 various  FLG null  
mutations (see Fig.  13.1 ) have been found 
in Singaporean Chinese with AD and IV. 
The mutations G323X, 3321delA, S1515X, 
6950_6957del8, Q2417X, and E2422X were 
shown to be more prevalent in Singaporean 
Chinese with AD [ 4 ]. In a study screening for 
all the 22  FLG  mutations in 425 Singaporean 
Chinese AD patients, 17 mutations were found 
to be carried by 20.2 % of the participants. In 
contrast, 7.3 % of 440 population controls car-
ried the 17  FLG  null mutations. Statistical analy-
sis showed that the  FLG  null combined genotype 
was signifi cantly associated with AD [ 4 ].  

13.3     Mainland Chinese 

 At the beginning, Ching et al. screened for fi ve 
identifi ed  FLG  mutations (R501X, 2282del4, and 
R2447X in Europeans; S2554X and S2889X in 
Japanese) in 174 Chinese patients with AD and 
191 controls. Only four (2.3 %) patients with AD 
were found to be heterozygous carriers of the 
mutation R501X [ 8 ]. To fi gure out the spectrum of 
 FLG  mutations in mainland Chinese, Zhang and 
Li et al. carried out a comprehensive sequencing 
of the entire  FLG  coding region in 600 individuals 
in Chinese AD case series (261 and 339 patients 
from the south and north parts of China, respec-
tively). A total of 26  FLG  null mutations were 
found in Chinese AD patients. Eight  FLG null  
mutations (441delA, R501X, R826X, 6950del8, 
R1140X, R1474X, S2706X, and R4306X) 
were specifi c to AD in southern China, whereas 
another eight  FLG null  mutations (478insA, 
8001del4, Q2397X, 7145del4, Q1070X, S1515X, 
Q1712X, and 4026delT) were specifi c to AD in 
northern of China. The remaining 10  FLG null  
mutations (4271delAA, 3222del4, 3321delA, 
Q1790X, 5757del4, 6834del5, Q2417X, E2422X, 
7945delA, K4671X) were identifi ed in both the 
southern and northern part of China. In mainland 
China, 28.3 % of AD patients were  FLG null  
mutation carriers. The combined  FLG null  muta-
tions were signifi cantly associated with AD in 
both southern and northern Chinese [ 1 ,  2 ]. 

 Two mutations, 3321delA and K4671X, were 
most common in a cohort of Chinese AD patients. 
11.8 % of 600 Chinese Han with AD were carri-
ers of the mutation 3321delA, whereas 10.3 % of 
AD patients were shown to harbor the mutation 
K4671X. The frequencies of 3321delA and 
K4671X in 301 healthy controls were 1.00 and 
2.66 %, respectively. The association of AD with 
either 3321delA or K4671X was statistically sig-
nifi cant in case-control studies [ 1 ,  2 ]. A family- 
based association study on a cohort of 100 family 
trios with an AD proband confi rmed the associa-
tion between 3321delA and AD. Mutation 
K4671X, named K4021X in Japanese AD patients 
with a frequency of 2.9 %, was not identifi ed in 
Taiwanese and Singaporean Chinese individuals 
with AD or IV. Moreover, the family- based 
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 association study indicated that the mutation 
K4671X was not overtransmitted to AD probands 
and that the P value did not reach statistical sig-
nifi cance in a transmission disequilibrium test. To 
further clarify the paradoxical results from family 
studies and case-control studies, fi laggrin expres-
sion at both mRNA and protein levels was mea-
sured in the skin of three subjects with K4671X 
mutations and a normal control, suggesting that 
K4671X was not a pathogenic mutation. The 
association between 3321delA and AD was con-
fi rmed by the family- based study [ 24 ]. 

 A series of studies on  FLG  mutations in 
Chinese IV patients were carried out. In total, 12 
 FLG  mutations have been found in isolated main-
land Chinese IV cases. The mutations 3321delA 
and K4671X were the most common mutations, 
which is consistent with the observation in AD 
patients. Zhang et al. showed that 8 of 11 Chinese 
families with IV harbored the mutation 3321delA, 
whereas the mutation E2422X was present in only 
two of them. The mutation Q1256X was merely 
found in one of the families [ 19 ]. Xiong et al. 
sequenced the entire coding region of the  FLG  in 
probands of three pedigrees with IV. They found 
3321delA in all the families and identifi ed two 
novel mutations (478insA and 6218-6219delAA) 
[ 18 ]. In 2011, Zhang et al. carried out a compre-
hensive sequencing of  FLG  gene in 21 unrelated 
individuals with IV. Thirteen (61.9 %) of the 21 IV 
patients were  FLG null  mutation carriers. A total 
of four  FLG null  mutations, 3321delA, K4671X, 
Q2417X, and Q1790X, were found in the patients, 
with a frequency of 33.3, 19.1, 4.8, and 4.8 %, 
respectively [ 11 ]. Subsequently in 2013, Li et al. 
conducted another comprehensive sequencing of 
the  FLG  gene in 21 IV pedigrees and 33 patients 
with sporadic isolated IV. In this study, a total of 
seven  FLG null  mutations were identifi ed, includ-
ing 3321delA, Q1790X, 5757del4, S2706X, and 
K4671X and two novel mutations 441-442delAG 
and Q4492X. Twenty-six (48.14 %) of 54 IV 
patients were carriers of the mutation 3321delA, 
whereas 9 (16.66 %) of 54 IV patients carried the 
mutation K4671X. Only 1.85 % of IV patients 
were shown to carry one of the other 5  FLG null  
mutations [ 17 ]. Interestingly, the frequency of 
 FLG null  mutations in individuals with AD and IV 

was signifi cantly lower than that among patients 
with IV alone in both studies [ 11 ,  17 ], which illus-
trates that other factors than  FLG  mutations in AD 
can result in an ichthyosiform phenotype. 

 Li et al. also investigated the association 
between  FLG null  mutations and atopic asthma 
(AA) without coexisting AD. A comprehensive 
sequencing of the  FLG  in 121 AA patients with-
out AD was conducted. Four  FLG null  mutations 
(3321delA, S1302X, Q2397X, and K4671X) 
were identifi ed in 19 AA patients without AD 
(15.7 %). The mutations 3321delA and K4671X 
were carried by 7 (5.79 %) and 10 (8.26 %) of 
121 patients. Only one (0.83 %) of them carried 
the mutation S1302X and Q2397X, respectively. 
The association between the combined  FLG  
mutations and AA without AD was statistically 
signifi cant.  

13.4     Taiwanese 

 A total of 3  FLG null  mutations (3321delA, 
Q2417X, and E1795X) have been revealed in 
Taiwanese. The corresponding study was a com-
prehensive sequencing of the entire  FLG  coding 
region in 12 individuals from 4 unrelated 
Taiwanese IV families. The mutation 3321delA 
was found in three IV families, whereas Q2417X 
was detected in one of the four families. The muta-
tion E1795X, being unique in the Taiwanese pop-
ulation, was found in a family where the proband 
was a compound heterozygous carrier of E1795X 
and 3321delA [ 3 ]. It can be deduced that mutation 
3321delA, prevalent in mainland Chinese, 
Singaporean Chinese, and Japanese, is also the 
common mutation among Taiwanese IV patients. 
The mutation Q2417X is relatively prevalent in 
Chinese population since it has been found in 
Singaporean Chinese and mainland Chinese.  

13.5     Korean 

 To date, 3321delA was the only  FLG  mutation 
found in Koreans. It was fi rst found in a 35-year- 
old Korean patient with IV and AD in a heterozy-
gous state [ 25 ]. Later, Lee, DE et al. revealed that 

13 Filaggrin Gene Mutations in Asian Races 



134

the frequency of the mutation 3321delA was 2.4 
and 1.5 % in AD patients and healthy controls, 
respectively. The mutation S2554X, relatively 
common in Japan, was not found in 42 unrelated 
AD patients and 133 healthy controls [ 7 ]. An 
extensive case-control study may be required to 
identify novel  FLG  mutations in the Korean pop-
ulation and further illustrates the role of  FLG  
mutations play in the pathogenesis of IV and AD 
in Koreans.  

13.6     Bangladeshi and Pakistani 

 In 2009, Sinclair et al. screened a cohort of 80 
Bangladeshi families (an Indian subcontinent 
population residing in East London) with sib-
lings affected by AD for the  FLG  mutations 
R501X and 2282del4. Six of the families were 
shown to carry the two  FLG  mutations, although 
only a weak association between the two  FLG  
mutations and AD was observed. Furthermore, 
sequencing of the  FLG  in two individuals with 
the IV phenotype from two unrelated families 
was performed and revealed another two muta-
tions, R826X and 2767insT. These two muta-
tions were not detected within other Bangladeshi 
families [ 10 ]. In 2010, Samdani et al. succeeded 
in demonstrating the presence of a 1.5 kb  FLG  
gene fragment in 5 out of 7 IV families, includ-
ing 16 affected and 19 unaffected members. In 
2011, Naz et al. successfully targeted and ampli-
fi ed an 811 bp  FLG  fragment in 7 unrelated 
Pakistani IV families with 16 affected and 19 
unaffected members. Both studies suggest the 
possibility of the R501X and 2282del4 muta-
tions as being the major causes of IV in Pakistanis 
[ 9 ,  13 ]. 

 The spectrum of  FLG  mutations in Bangladeshi 
and Pakistanis is different from that observed in 
Eastern and Southeastern Asian populations. 
Two  FLG  mutations (R501X and 2282del4) prev-
alent in the European population were found to 
be the most common in AD patients from 
Bangladesh and IV patients from Pakistan, which 
can be explained by the fact that Bangladeshi and 
Pakistanis from South Asia share common lin-
eage with South Europeans.     
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        A cornerstone in the treatment of atopic and 
xerotic skin is improvement and maintenance of 
skin hydration through daily use of personal care 
products. These include moisturizing creams 
(emollients) and lotions, which almost inevitably 
contain several classes of chemicals not directly 
needed for the treatment of xerotic skin, such as 
preservatives, perfumes, or other additive com-
pounds [ 1 ]. It is well known that at least some of 
these can penetrate the epidermis and be absorbed 
systemically, where they potentially can affect 
body functions [ 2 ]. It is assumed that the skin of 
fi laggrin gene ( FLG ) mutation carriers is more 
permeable to allergens than the skin of wild-type 
carriers [ 3 ,  4 ], but the evidence for increased per-
meability to many types of chemicals is currently 
very limited. It can therefore be hypothesized 
that skin moisturizing therapy in  FLG  mutation 
carriers may protect from symptoms related to 
the skin barrier abnormality through an improve-
ment of skin hydration but also increase dermal 
exposure to several classes of chemicals and 
allergens, causing secondary disease. Thus,  FLG  
loss-of-function mutation carriers could be 
expected to have higher internal exposure to sev-
eral classes of additive chemicals for two  reasons: 
increased use of personal care products to treat 
xerotic and infl amed skin and/or increased 
absorption of chemicals through a compromised 
skin barrier. 

 The topic is largely unexplored, but the fi rst 
results are now emerging to suggest that  FLG  
mutation carriers may indeed constitute a group 
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that is more exposed to some chemicals due to 
more frequent application of moisturizers to treat 
xerotic skin [ 5 ]. Previous studies have supported 
the notion that atopic skin, which is strongly 
associated with  FLG  mutations, has facilitated 
penetration of chemicals when compared to non-
atopic skin [ 6 ]. 

 Recently, we evaluated a group of healthy 
young Danish men presenting for a military ser-
vice health check and performed genotyping for 
the R501X, 2282del4, and R2447X  FLG  muta-
tions. The men provided urine samples, which 
were evaluated for several phthalate metabolites 
as an assessment of the levels of internal expo-
sure to these chemicals. It was found that the 
group of men with loss-of-function  FLG  muta-
tions had signifi cantly higher urinary concentra-
tions of most measured phthalate metabolites, 
being up to 33 % higher than in the group with 
the normal genotype [ 7 ]. This was especially 
shown for the low-molecular-weight phthalates, 
which are more water-soluble and are more often 
used in personal care products. Notably, atopic 
dermatitis was almost nonexistent in the Danish 
cohort, suggesting that the difference in urinary 
phthalate concentrations was rather explained 
by the genotype. Phthalates, the diesters of 
1,2- benzenedicarboxylic acid, are man-made 
chemicals used in a wide range of consumer prod-
ucts, including moisturizers and other cosmetics. 
They are rapidly metabolized and excreted in the 
urine after absorption, but humans are continu-
ously exposed by skin contact with personal care 
products, solvents, and plastics [ 8 ], as well as 
through the diet and from inhalation. Phthalates 
are known reproductive toxicants in animals 
[ 9 ], causing developmental abnormalities of the 
reproductive tract as well as inhibition of tes-
ticular testosterone production in pre- or peri-
natally exposed animals [ 10 ,  11 ]. Results from 
epidemiological studies have been divergent but 
point to some effect of phthalates on reproductive 
function in humans [ 12 ]. Biomonitoring studies 
show a large regional and individual variation in 
internal exposure to phthalates, and  FLG  loss-
of-function mutation carriers constitute the fi rst 
genetic group in which a higher internal exposure 
has been shown. 

 In the 1990s, several studies showed a decline in 
human semen quality, with decreasing sperm con-
centration and total sperm counts over the second 
half of the twentieth century [ 13 ,  14 ]. The results 
were controversial and the subject of much debate 
because of the retrospective design applied in these 
studies. However, the results were supported by 
strong evidence of a simultaneous worldwide 
increase in the incidence of testicular germ cell 
cancer; a disease known to be linked to decreased 
semen quality [ 15 ,  16 ]. The rapid decrease in 
semen quality and the increase of testicular cancer, 
as well as regional differences in ethnically similar 
countries with good- quality registry data, sug-
gested that some unknown environmental factors 
were likely to be primarily responsible for the rise 
in the disorders. Interestingly, atopic diseases have 
also become increasingly prevalent in the same 
time period, pointing to a change in environmental 
factors as well. 

 Little is known about the possible association 
between atopic disorders and testicular function. 
However, patients with testicular cancer were 
found in one study to have a higher prevalence of 
atopy at the time of cancer diagnosis [ 17 ], and 
patients with moderate to severe atopy appear to 
have lower testosterone and estradiol levels and 
higher LH levels than healthy controls [ 18 ]. In 
men attending an infertility clinic, one study 
showed that atopy and cryptorchidism were statis-
tically associated [ 19 ]. Although these fi ndings 
partly support the hypothesis that increased chem-
ical exposure in atopic skin can affect reproduc-
tive functions, it remains unknown whether atopy 
and poor testicular function are truly associated. 
Since  FLG  loss-of-function mutations are associ-
ated with an early onset of atopic dermatitis, 
a severe course, and persistence into adulthood, it 
is indeed possible that atopic disorders are associ-
ated with decreased testicular function due to 
increased chemical exposure. Pertinently, derma-
titis causes secondary downregulation of fi laggrin 
proteins, likely in a dose-dependent manner, 
which will further weaken the barrier [ 20 ]. 

 In our study on healthy young men on  FLG  
genotype and phthalate exposure, testicular func-
tion was also assessed by measuring semen qual-
ity and serum levels of reproductive hormones 
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[ 7 ]. No associations between  FLG  mutation sta-
tus and reproductive hormones or semen quality 
were found, but the study may not have had suf-
fi cient statistical power to detect such an associa-
tion with only 65  FLG  loss-of-function mutation 
carriers included and semen quality assessed 
from a single semen sample only. 

 Regulation of chemicals such as phthalates in 
personal care products is based on expected 
exposure of healthy individuals. Some human 
studies have started to incorporate measures of 
combined exposure to multiple compounds [ 21 ] 
in relation to various outcomes, and there is con-
cern that the cumulative exposure to many differ-
ent phthalates may exceed the maximum 
recommended levels for some individuals. It is 
indeed possible that  FLG  loss-of-function muta-
tion carriers can fall above the accepted limits of 
the combined exposure to several chemicals. 

 Phthalates constitute only one group of chem-
icals where dermal uptake is an important deter-
minant of exposure. It is unknown, but likely, that 
individuals with an impaired skin barrier may 
also be more internally exposed to other chemi-
cals used in topical products used for the treat-
ment of infl amed and xerotic skin. In individuals 
with fi laggrin-related skin conditions, it is impor-
tant to ensure that harmful chemicals are not 
overlooked as a possible side effect of the 
treatment. 

 Another important topic that is completely 
unexplored regards topically applied pharmaceu-
ticals. It is unknown whether individuals with 
 FLG  loss-of-function mutations may receive a 
higher internal exposure of the same dermally 
applied dose when compared to individuals with 
a normal skin barrier function. Pharmacokinetic 
studies are usually carried out on healthy indi-
viduals with normal skin, but in the dawning age 
of personalized medicine, genetic variations or 
skin barrier dysfunctions should likely be taken 
into account to ensure correct dosage of medica-
tion on an individual basis. 

 In conclusion, special attention to transepider-
mal absorption of chemicals and medication may 
be warranted in  FLG  mutation carriers. Future 
research in the area of chemical exposure and 
skin barrier function is important to clarify 

whether there is cause for extra care for those 
individuals with various diseases of the skin, 
whether  FLG  loss-of-function mutation carriers 
should be particularly informed about a chemical 
hazard, and whether there is a need for dosage 
adjustment for some topically applied pharma-
ceuticals in genetically susceptible groups.    
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15.1            Epidemiology of Atopic 
Disease 

 Atopic disease is increasing in prevalence through-
out the world, affecting up to 20 % of individuals, 
particularly those in industrialized nations [ 1 ]. 
The fi rst manifestation of atopic disease is often 
atopic dermatitis (AD), which is the most com-
mon chronic cutaneous infl ammatory disease of 
early childhood. AD affects approximately 
15–20 % of children worldwide, with signifi cant 
impairment of quality of life attributable to the 
associated symptoms and secondary infections 
[ 2 ]. In the United States, it is estimated that 17 % 
of children aged 5–9 years suffer from AD. This 
disorder is also considered the fi rst step of the 
atopic march, which is the hypothesis that atopic 
disease occurs as a progression of symptoms with 
age. In the atopic march, AD is associated with 
later development of allergic rhinitis, food allergy, 
and allergic asthma. While food allergy also com-
monly presents early in life, allergic rhinitis and 
allergic asthma with aeroallergen sensitization are 
more commonly seen in later childhood. By the 
end of the fi rst 6 years of life, 75 % of children 
with AD go on to develop allergic rhinitis, while 
50 % go on to develop asthma [ 3 ].  

15.2     Filaggrin 

 Filaggrin is a S100 calcium-binding protein with 
key roles in establishing the skin’s epidermal bar-
rier function. It is expressed in the skin and in the 
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nose up to the transitional epithelium as well as 
the keratinized epithelium of the conjunctiva and 
oral cavity. Filaggrin is not found in the deeper 
mucosal surfaces of the nose and lung and only 
minimally in most parts of the gut. Functional fi l-
aggrin binds to keratin fi laments and contributes 
to compaction and barrier integrity at the outer 
layer of the skin known as the cornifi ed envelope. 
As the cornifi ed envelope forms, fi laggrin ensures 
appropriate barrier function by facilitating col-
lapse of the keratinocyte cytoskeleton to create 
a dense collection of proteins and lipids which 
are cross-linked by transglutaminases. Filaggrin 
metabolites are a signifi cant component of the 
“natural moisturizing factor” (NMF), which is a 
key contributor to maintenance of hydration of 
the outermost layer of the skin known as the stra-
tum corneum. In addition, these acids are signifi -
cant contributors to maintaining a slightly acidic 
normal cutaneous pH at about 6 or less. NMF is 
also thought to play a crucial role in maintaining 
barrier integrity and skin antimicrobial defense 
[ 3 ,  4 ].  

15.3     Filaggrin in Atopic 
Dermatitis 

 Skin barrier dysfunction has been shown to have 
a substantive role in the predisposition of AD. In 
addition, a family history of AD or atopy is 
highly predictive of increased risk of developing 
AD [ 5 ]. Taken together, these features lead to a 
quest to identify a genetic marker that might pre-
dispose certain individuals to the development of 
AD. Filaggrin gene ( FLG ) mutations were ini-
tially described in patients with ichthyosis vul-
garis (IV), a skin condition of disordered skin 
keratinization and scaling. IV has been linked to 
loss-of-function  FLG  mutations inherited in a 
semidominant fashion [ 6 ]. The fi rst identifi ed 
 FLG  mutations were R501X and 2282del4, but 
there are now 23 described mutations in patients 
of European descent and 30 described mutations 
in patients of Asian descent [ 7 ,  8 ]. Although 
there was no predominant mutation identifi ed in a 
recent large cohort of Asian patients, only the 
c3321delA mutation was seen across patient 

 populations from China, Singapore, Japan, 
Korea, and Taiwan. In contrast, 80 % of European 
patients with  FLG  mutations carry the hotspot 
mutations R501X or 2282del4. In patients of 
African descent, the R501X and 2282del4 muta-
tions are not common, but have been described. 
There is a carrier frequency of just below 10 % 
for  FLG  mutations in European populations [ 9 ]. 
Thus,  FLG  mutations have been identifi ed in 
many populations worldwide and with a fairly 
high carrier rate. 

 Once the association of IV to  FLG  mutations 
was solidifi ed, this led to the consideration that 
fi laggrin defi ciency might play a role in AD as 
well. There is signifi cant overlap of these dis-
eases, with 35–40 % of individuals affl icted by 
IV also suffering from atopic disease. The drive 
to investigate a link between  FLG  mutations and 
atopic disease, and AD, in particular, was further 
encouraged by previous studies demonstrating 
linkage of AD to the region of the epidermal 
 differentiation complex. The epidermal differen-
tiation complex is the region of chromosome 1 
encoding a cluster of genes crucial to formation 
of the stratum corneum of the epidermis [ 10 ,  11 ]. 

 The two most common  FLG  null muta-
tions (R501X and 2282del14) have been the 
most reproducible genetic factor in many large 
European cohorts for increased risk of AD. 
Overall, between 15 and 20 % of AD patients of 
European descent are estimated to carry a muta-
tion in the  FLG . Further indicative of the clini-
cal signifi cance of the function of this protein, 
 FLG  null mutations have been identifi ed in as 
many as 50 % of patients with moderate to severe 
AD in European populations and 20 % in Asian 
populations [ 7 ,  12 ,  13 ]. The identifi ed mutations 
are all nonsense mutations that either prevent or 
signifi cantly decrease fi laggrin expression in the 
skin. The development of AD in  FLG  mutation 
carriers is not dependent upon allergic sensiti-
zation. However, the odds ratio for AD as com-
pared to non-AD is somewhat higher [ 14 ,  15 ]. In 
several studies describing patients with AD and 
 FLG  mutations, the dermatitis in patients with 
 FLG  mutation is typically more severe, based 
on SCORAD assessment, presents early in life 
and often persists to adulthood. In addition, it 
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 manifests with hyperlinearity of the palms and 
is more strongly associated with asthma than in 
patients with AD who do not have these genetic 
abnormalities [ 15 – 17 ]. The NMF is of signifi -
cantly different composition in patients with AD 
who carry  FLG  mutations versus those who do 
not carry the mutations [ 12 ]. Filaggrin expression 
is decreased in keratinocytes cultured in the pres-
ence of IL-4 and IL-13 and in active lesions of 
skin from patients with AD even without muta-
tions in the  FLG  [ 18 ]. 

 Patients with  FLG  null mutations have been 
shown to have increased transepidermal water 
loss (TEWL) even prior to the onset of clinical 
cutaneous disease, supporting the concept that 
the barrier dysfunction is induced by poor fi lag-
grin function rather than infl ammation causing 
the skin barrier defects [ 19 ]. In addition, the 
degree of TEWL correlated with the severity of 
the patients’ AD as determined by SCORAD [ 20 , 
 21 ]. This is not surprising, since dry skin is inher-
ently more pruritic. As patients experience more 
pruritus, they will refl exively scratch more, per-
petuating the itch-scratch cycle that drives poorly 
controlled AD.  

15.4     Skin Barrier Dysfunction 
in Allergic Sensitization 

 Defects in skin barrier function are thought to 
allow transcutaneous sensitization to both food 
and environmental allergens. Barrier dysfunc-
tion is also associated with systemic responses 
such as increased total IgE and airway hyper-
reactivity, possibly due to these sensitiza-
tions. In mouse models of  FLG  null mutations, 
increased transcutaneous sensitization [ 22 – 24 ] 
and allergen- specifi c airway infl ammation upon 
non-cutaneous reexposure have been demon-
strated. This suggests development of func-
tional allergen-specifi c antibodies in the mouse 
model. There is an increased risk (odds ratio of 
1.6) of allergic sensitization in  FLG  carriers with 
a history of AD. AD severity as determined by 
SCORAD has been found to have a correlation 
with the specifi c IgE for house dust, mite aller-
gen, and cat dander in patients with  FLG  null 

mutations. This  correlation has not been seen in 
AD patients with wild-type  FLG  alleles [ 20 ]. The 
R501X mutation is associated with higher serum 
IgE levels overall when compared with the other 
common mutation 2282del4 due to a higher rate 
of penetrance [ 5 ]. 

 Allergic sensitization was associated with 
 FLG  mutations only in those patients who also 
had AD [ 9 ,  14 ]. It therefore follows that infants 
with severe AD with defects in epidermal barrier 
function, such as those induced by  FLG  muta-
tions, have an increased risk of allergic sensitiza-
tion. Maintaining and repairing defects in the 
epidermal barrier are likely to be crucial in atopy 
prone individuals to prevent progression along 
the atopic march. 

 The common immunologic features of atopic 
disease, including elevations in total IgE, and 
specifi c IgE to allergens, Th2 cytokine skewing, 
eosinophilia, and epithelial dysfunction, led to 
the theory that these diseases represent a progres-
sion disease that has its root in a shared initiating 
insult. The atopic march is the purported step-
wise progression of patients’ atopic disease 
development over the course of a lifetime. 
According to the atopic march theory, atopic dis-
ease fi rst presents with the presentation of AD in 
infancy. If left unchecked, the disease process 
then permits further atopic development due to 
atopic sensitization with aeroallergens and clini-
cal presentations of allergic rhinitis and allergic 
asthma. This is supported by observations that 
the incidence of AD peaks in the fi rst years of life 
and then declines, while the incidence of asthma 
and allergic rhinitis is low in infancy but increases 
with age. In addition, the risk for developing 
asthma correlates with the severity of AD. While 
30 % of patients with mild AD go on to develop 
asthma, in patients with severe AD, 70 % go on 
to develop asthma [ 25 ]. 

 In one cohort of over 1,000 children followed 
from birth until age 7 years, 21 % experienced 
AD in the fi rst 2 years of life. In these children 
with early onset of AD and allergic sensitization 
to wheat, cat, dust mite, soy, or birch, there was an 
association with early wheezing, which was cate-
gorized as any episodes of wheezing under age 
3 years. Children with this combination of symp-
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toms experienced more signifi cant overall impair-
ment in lung function [ 26 ]. In another cohort of 
94 children with AD followed prospectively for 
the fi rst 7 years of life, 43 % went on to develop 
asthma and 45 % went on to develop allergic rhi-
nitis. Severe AD in infancy was associated with 
increased rates of food-specifi c IgE and early-
onset AD was associated with an increased risk of 
inhalant sensitization [ 27 ]. There are also animal 
models supportive of the association between skin 
barrier dysfunction, AD, and later development of 
other atopic disease. 

 Tape stripping followed by allergen applica-
tion to the skin of mice induced IgE, IgG1, and 
IL-4 expression as well as a predominantly eosin-
ophilic infi ltrate. Conversely, application of aller-
gen to intact skin led to Th1 skewing in draining 
lymph nodes. This supports the concept that dis-
ruption in the barrier function of the skin can pre-
dispose to a development of a typical atopic 
milieu of IgE and Th2-type cytokine production 
[ 28 ]. In tape-stripped mice exposed to ovalbumin 
epicutaneously, ovalbumin-specifi c IgE was 
detectable, indicating that sensitization had 
occurred. This was not seen in mice exposed to 
ovalbumin via intraperitoneal injection. When 
the epicutaneously exposed mice were later chal-
lenged with inhaled ovalbumin, there was a sig-
nifi cant increase in eosinophils in BAL obtained 
after the challenge [ 29 ]. 

 The Notch pathway is a key signaling pathway 
in the skin keratinocyte structural organization. 
In mice with a keratinocyte-specifi c knockdown 
of the Notch signaling pathway, there was a phe-
notypic expression of chronic skin barrier defects 
with increased TEWL and development of a skin 
disorder similar to AD [ 30 ]. The genetically 
engineered mice had increased IgE levels and 
systemic Th2 cell expansion. These mice were 
also found to have increased expression of thy-
mic stromal lymphoprotein (TSLP) in their kera-
tinocytes and had increased susceptibility to 
allergic asthma characterized by severe broncho-
spasm response to OVA challenge, which was not 
seen in wild-type controls. However, when the 
TSLP receptor was deleted, the development of 
asthma as defi ned by OVA-induced  bronchospasm 
was blocked. Further, in outbred transgenic mice 

that continued to have high TSLP expression but 
relative absence of a skin barrier defect, a severe 
asthma phenotype developed [ 30 ]. Taken 
together, these data suggest a critical role for 
TSLP in the progression of the atopic march from 
AD to allergic asthma. 

 TSLP is an IL-7-like cytokine, produced in 
epithelial cells of the skin, lung, and gut, that has 
been associated with AD and allergic asthma. 
When antigen-presenting cells, particularly den-
dritic cells, are cocultured with T cells in a TSLP- 
rich media, the ensuing T-cell response is 
predominantly of the Th2 polarization, with an 
increased expression of IL-4, IL-5, IL-13, and 
TNF-alpha. TSLP can also independently directly 
promote naïve T-cell differentiation toward Th2 
phenotype in culture [ 31 ]. Human epithelial cells 
from lesional skin of AD patients have been 
found to express higher levels of TSLP than 
healthy skin and non-lesional skin of AD patients 
[ 32 ]. However, it is important to note that it has 
not yet been demonstrated that TSLP serum con-
centrations are elevated in atopic individuals 
compared to healthy controls. It is theorized that 
the increased TSLP expression of keratinocytes 
leads to an overall Th2 skewing in patients with 
AD, which then feeds into the cycle of the atopic 
march to promote the development of allergic 
rhinitis and allergic asthma. This theory has been 
supported by two studies [ 33 ,  34 ]. 

 In a large study of  FLG  mutations in atopic 
disease, which was inclusive of over 3,000 
European children of German descent, the pres-
ence of one of fi ve known  FLG  null alleles 
increased the risk of eczema, particularly AD 
(OR 4.5) [ 9 ]. In this study, associations were 
observed between  FLG  mutations and all three of 
the disease phenotypes (asthma, allergic rhinitis, 
and AD) that we associate with the atopic march. 
The children studied were aged 9–11 years of 
age. Skin prick testing was performed to six aero-
allergens ( Dermatophagoides pteronyssinus , 
 Dermatophagoides farina ,  Alternaria tenuis , cat, 
mixed grass, and tree pollen). Skin prick testing 
was determined to be positive if the wheal was 
3 mm greater than the negative control. AD was 
defi ned as a physician diagnosis of AD and posi-
tive skin prick testing to at least one aeroallergen. 
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Asthma was defi ned as physician-diagnosed 
asthma or at least two episodes of spastic bron-
chitis on a patient questionnaire and categorized 
as allergic if there was presence of at least one 
positive skin prick test to an aeroallergen. 
Allergic rhinitis was defi ned as physician- 
diagnosed hay fever in the setting of at least one 
positive skin prick test. In addition,  FLG  null 
alleles were associated with increased risk of 
sensitization (positive skin test), and this was 
strongest in individuals with eczema [ 9 ]. In a 
study of a cohort of over 900 Dutch children, 
three common  FLG  mutations (R501X, 2282del4, 
and R2447X) were found to be associated with 
early eczema that persisted until later childhood, 
asthma, and aeroallergen sensitization [ 35 ].  

15.5     Hygiene Hypothesis 
and the Atopic March 

 An alternative theory is that microbes have a role 
in allergic sensitization and for the atopic march. 
The hygiene hypothesis is the concept that micro-
bial exposures early in life are protective against 
development of atopic disease by inducing the 
development of Th1- rather than Th2-type CD4 
cells. Th2 cells are commonly associated with 
atopy. Toll-like receptors are pattern recognition 
molecules found on many cell types including 
keratinocytes which lead to activation of the 
innate immune systems via induction of cytokine 
and other cell signaling molecule production 
after exposure to bacterial and viral proteins, 
DNA and RNA. Dermal exposure to TLR2 and 
TLR 4 agonists led to a decrease in airway hyper-
responsiveness and mucous production [ 36 ], sug-
gesting a protective role for TLR activation to 
stop the atopic march.. However, in keratinocytes 
with decreased fi laggrin expression, increased 
IL-6 and TSLP were detected following poly I:C 
stimulation of TLR3 [ 37 ]. As noted previously, 
TSLP derived from the skin has been implicated 
in the development of atopic asthma. These data 
suggest that decreased fi laggrin expression in the 
skin can detract from the potential protective 
effect of microbial exposure and can further drive 
the atopic march.  

15.6     Filaggrin in Airway Disease: 
Allergic Rhinitis and Asthma 

 Since approximately 40 % of infants with AD go 
on to later develop asthma and/or allergic rhinitis, 
then the next logical quest was the search to 
determine if there is an association between  FLG  
mutations and airway atopic disease. Filaggrin is 
not expressed in the mucosal surfaces of the nose, 
upper airway, or lungs; therefore, it would seem 
unlikely to demonstrate an association between 
decreased expression of this protein and the 
development of allergic rhinitis and allergic 
asthma. Somewhat surprisingly, then, one of the 
initial studies to assess the association of the 
R501X and 2282del4 mutations with susceptibil-
ity to atopic disease found a signifi cant  association 
between the presence of these mutations with the 
phenotype of allergic rhinitis and AD and allergic 
sensitization plus AD [ 14 ]. However, in the same 
large study of German children discussed previ-
ously,  FLG  mutations were associated with a 
twofold increased risk of allergic rhinitis irre-
spective of prior AD history [ 9 ]. This association 
was dependent upon AD history in another large 
cohort [ 16 ]. 

 Filaggrin has also been proposed as a major 
genetic risk factor for the development of allergic 
asthma. Patients with  FLG  null alleles have been 
demonstrated to have an increased need for 
asthma medication and greater obstructive lung 
function impairment [ 38 ]. In addition, mild per-
sistent asthma patients who are carriers of a  FLG  
null allele have a nearly twofold higher risk of 
exacerbation with a need for oral steroid therapy 
compared to asthma patients with wild-type fi l-
aggrin alleles [ 39 ]. This association is strongest 
when the patients have both asthma and AD, 
which further supports the role  FLG  mutations 
can play in permitting the atopic march. When 
asthma was used as the inclusion criteria irre-
spective of AD history, the strength of the asso-
ciation with  FLG  mutations dropped notably 
[ 15 ]. However, this may refl ect the heterogeneity 
of patients diagnosed with asthma. 

 The above associations are thought to be pri-
marily due to transcutaneous sensitizations to 
allergens through the impaired skin barrier 
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observed in AD. The presence of allergic sensiti-
zation leads to an overall Th2-type skewing, 
which then triggers asthma and rhinitis symp-
toms triggered by these allergens. But this cannot 
be the only link between allergic rhinitis, asthma, 
AD, and  FLG  mutations, as some patients devel-
oped symptoms in the absence of demonstrable 
allergic sensitization [ 9 ].  

15.7     Filaggrin in Food Allergy 
and Gastrointestinal Disease 

 In studies of the eosinophilic esophagitis tran-
scriptome, the highest concentration of genetic 
abnormalities has been described in the area of 
the epidermal differentiation complex, where fi l-
aggrin is located. In addition, patients with eosin-
ophilic esophagitis commonly also suffer from 
AD. Thus far, no signifi cant differences in fi lag-
grin expression have been noted in patients with 
atopic eosinophilic esophagitis as compared to 
those eosinophilic esophagitis patients without 
atopic sensitization [ 40 ]. 

 Patients with  FLG  null mutations have been 
found to have an increased rate of peanut sensiti-
zation, with an odds ratio of 3.8 when controlled 
for the presence of AD [ 41 ]. Transcutaneous sen-
sitization early in life in the absence of enteral 
exposure has been postulated to be one potential 
etiology of the increased rate of peanut sensitiza-
tion and resultant allergy [ 42 ].  

15.8     Treatments 

 Filaggrin is a crucial component of the barrier 
function in the layers of the skin and epithelium 
where it is found. Mutations in the  FLG  causes 
functional defi cits, leading to the rather obvious 
conclusion that therapy aimed to address this 
defect must address barrier dysfunction fi rst and 
foremost. 

 AD is traditionally perceived as an immuno-
logic disease, to be treated with immunosuppres-
sants. However, the association of decreased barrier 
function with increased risk of allergic sensitiza-
tion and bacterial and viral infection associated 

with  FLG  mutations supports the growing body of 
evidence that effective therapy must enhance skin 
barrier functions. In the skin, this will mean aggres-
sive proactive, rather than reactive, use of topical 
compounds to enhance barrier function, which will 
restore normal skin pH and minimize the risk of 
allergic sensitization and infection [ 41 ]. Infectious 
agents such as herpesvirus and  Staphylococcus 
aureus  are common triggers for fl ares and must 
also be actively controlled. In addition,  FLG  muta-
tions are associated with a decreased resistance to 
these organisms [ 44 ,  45 ,  47 ]. 

 Moisturization is an important component of 
the barrier function as evidenced by the increased 
TEWL seen in patients with  FLG  mutations. Basic 
cleansing is important, and use of a  pH- balanced 
(ph = 6) cleansing product can be helpful to 
restore the skin to its normal physiologic acid–
base balance, which is crucial in the host defense 
role of the skin barrier. In an effort to control 
 Staphylococcal  infection and superantigen stim-
ulation causing severely fl ared AD, dilute bleach 
baths are also often recommended, as is the use 
of topical antimicrobial agents such as mupirocin 
[ 46 ]. After the bath unscented and dye-free emol-
lients should be applied immediately, while the 
skin is still damp. Avoidance of products contain-
ing perfumes and alcohols is also crucial as these 
components can contribute to further drying and 
irritation of the skin. Lipid- containing emol-
lients help to supplement the barrier dysfunction 
of the skin [ 45 ]. Emollients are recommended 
to be used at least twice a day with increasing 
frequency as needed to keep the skin moist and 
limit pruritus. A typical child will require 150–
200 g of emollient on a weekly basis, and adults 
may require up to 500 g. Emollients containing 
potential allergens such as peanut, oat, and shea 
nut should be avoided since the skin can serve as 
entry for allergic sensitization [ 46 ]. A recent pilot 
study of 15 AD patients using a hydrogel com-
pound under occlusion demonstrated similar effi -
cacy to use of triamcinolone 0.1 %, supporting 
the concept that restoration of barrier function is 
an imperative treatment objective [ 49 ]. 

 Since the inherent problem of the  FLG  muta-
tions gives chronic skin barrier dysfunctions that 
are not resolved with resolution of an acute fl are, 
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a proactive approach to minimize future exacer-
bations has been proposed [ 43 ,  48 ]. Acute fl ares 
of AD are typically treated in the traditional fash-
ion, with higher-potency topical steroids and 
removal of identifi able triggers. Once acute fl ares 
are resolved, prophylactic twice-weekly applica-
tion of either topical steroids or calcineurin 
inhibitors in areas of previous fl ares can be ben-
efi cial to achieve optimal control of chronic AD 
[ 50 ]. Prophylactic use of fl uticasone 0.05 % four 
times weekly for 4 weeks followed by twice 
weekly for 16 weeks was associated with a sig-
nifi cant decrease in AD relapse compared to pla-
cebo without evidence of skin atrophy [ 51 ]. 
Tacrolimus 0.1 % ointment has also been used for 
twice-weekly prophylaxis with signifi cant 
decrease in frequency of exacerbations and sig-
nifi cant improvement in quality of life. These 
regiments have been used in patients with vary-
ing severity of disease with similar benefi ts [ 41 ]. 
These prophylactic regimens may decrease the 
overall burden of exposure to high-potency ste-
roids by allowing for a stable steady state of con-
trol of AD as a chronic disease. 

 Treatment of AD with pimecrolimus com-
pared to betamethasone led to similar improve-
ments in TEWL, fi laggrin expression, and 
decreased dye penetration, which was used as a 
proxy for functionality of the outside-inside bar-
rier and risk of transcutaneous sensitization [ 52 ]. 
However, betamethasone was associated with a 
more signifi cant decrease in epidermal prolifera-
tion, which was also associated with epidermal 
thinning. The effects of betamethasone were pri-
marily attributed to its reduction in infl ammation 
and blood fl ow. While this is benefi cial in the 
short term, the long-term risk of skin atrophy is 
substantial. Pimecrolimus was associated with 
regular lipid bilayers, which are a key component 
to normal barrier function of the skin. This, when 
added to the other shared benefi ts with high- 
potency topical steroids, may make pimecroli-
mus and the calcineurin inhibitors as a whole 
better suited to the long-term therapy needed to 
address barrier dysfunction in most patients with 
AD [ 50 ]. Topical pimecrolimus has been shown 
to be both safe and effective in infants as young 
as 3 months of age [ 53 ]. However, the use of 

pimecrolimus 1 % cream in this study did not 
lead to a decreased rate of later atopic disease 
development such as allergic rhinitis or allergic 
asthma. The more rapid reduction in symptoms 
and measurable parameters associated with topi-
cal steroids, however, supports their continued 
stepwise use for acute fl ares [ 54 ]. Effective treat-
ment of infl ammation can also help to decrease 
 Staphylococcal  carriage.  

    Conclusion 

 Over the last 5 years,  FLG  loss-of-function 
mutations have emerged as a signifi cant 
genetic marker for AD, which can be expected 
to be more severe, more highly associated 
with allergic sensitization, and persist later in 
life than in patients with other forms of 
eczema. It is noteworthy that fi laggrin expres-
sion is also lower in the lesional skin of AD 
patients without loss-of- function mutations. 
This is one indicator of a uniform disease 
pathway of impaired skin barrier function in 
all eczema patients, which underscores the 
growing understanding of the important role 
of the intact skin epithelium in prevention of 
allergic sensitization early in life. The theory 
of impaired barrier function and elevated 
TSLP expression is a hallmark of the atopic 
march hypothesis. AD has long been impli-
cated as the fi rst step of the atopic march, and 
further studies have linked  FLG  mutations to 
increased risk for asthma in patients who suf-
fer from concomitant AD, as well as allergic 
rhinitis and peanut allergy. These other atopic 
diseases are thought to be due to transcutane-
ous sensitization to both food and aeroaller-
gens, which then allows development of 
lifelong atopic disease precipitated by pre-
dominant skewing of the naïve T cells toward 
a Th2 phenotype. As we are better able to 
defi ne the subgroups of asthmatic and allergic 
rhinitis patients into those who have truly pro-
gressed along the route of the atopic march, 
the associations between  FLG  loss-of-func-
tion mutations and other atopic disease may 
become clearer. By addressing the barrier dys-
function of AD proactively with the use of 
effective and preventative emollients and 
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 targeted use of immunomodulators, it is pos-
sible that we may optimize our patients’ 
chances to stop the atopic march, lower their 
overall burden of atopy, and enhance their 
quality of life.     
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16.1            Introduction 

 Atopic dermatitis (AD; synonyms atopic eczema 
and eczema) is the commonest pediatric infl am-
matory skin disease, with considerable impact on 
children’s quality of life and costs to families and 
society at large [ 1 ,  2 ]. It is a chronically relapsing 
dermatitis, and dry, itchy skin is a cardinal fea-
ture in both lesional areas and elsewhere. The 
xerosis is primarily caused by a loss of integrity 
in the stratum corneum and an associated increase 
in transepidermal water loss (TEWL) [ 3 ]. The 
key gene involved in skin barrier function is the 
fi laggrin gene ( FLG ), found in the epidermal dif-
ferentiation complex on chromosome 1q21 [ 4 ]. 
Filaggrin is an important component of the gran-
ular cell layer of the epidermis. It aggregates 
keratin fi laments, leading to keratinocyte com-
paction and formation of the stratum corneum 
[ 3 ]. Up to 50 % of patients with moderate to 
severe AD carry at least one  FLG  loss-of- function 
mutation [ 5 ]. 

 We comprehensibly review the association 
between the inheritance of  FLG  mutations and 
AD from a clinical perspective – in particular, 
disease onset, chronicity, severity, and the asso-
ciation with other allergic diseases. We per-
formed a systematic online search in PubMed 
from inception until May 2013 to identify papers 
within the remit of this chapter, using the terms 
atopic dermatitis, atopic eczema, eczema, fi lag-
grin, and  FLG  (Table  16.1 ).  
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16.2     General Associations 

 In 2006, Palmer et al. published the seminal 
fi nding that two loss-of-function mutations in 
the  FLG  gene were strongly associated with AD 
[ 6 ]. These have since been widely replicated, 
not only in white European but also in East 
Asian populations [ 5 ,  7 – 10 ]. Furthermore, intra-
genic copy number variation within  FLG  (typi-
cally 10–12 repeats) affects AD risk 
independently of  FLG  null mutations, with 
approximately 12 % reduction in AD risk for 
each additional copy number (OR = 0.88, 95 % 
CI 0.78–0.98) [ 11 ].  FLG  loss-of-function muta-
tions represent the strongest known genetic risk 
factor for AD, with odds ratios ranging from 
3.12 to 4.78 [ 1 ,  2 ,  9 ,  12 ] and a population-attrib-
utable risk of 11 % [ 3 ,  7 ].  

16.3     Disease Onset 

 Given an impaired skin barrier from birth in those 
with  FLG  null alleles, it would follow that the 
associated AD phenotype is of early onset. This 
theory has been extensively investigated. For 
instance, Barker et al. studied 163 adults with 
persistent childhood-onset AD, reporting that 
42 % carried one or both of the two commonest 
 FLG  null alleles (R501X and 2282del4) com-
pared to 8.8 % of the general population 
( p  = 1.7 × 10 −53 ) [ 4 ,  10 ]. This work was extended 
by Brown et al. in a population-based setting, 
reporting a signifi cant and independent associa-
tion with early-onset AD persisting into adult-
hood, with the combined null genotype of the six 
commonest  FLG  mutations showing a highly sig-
nifi cant association (OR 5.6, 95 % CI 4.1–7.8) 
[ 3 ,  13 ]. Similarly, Stemmler et al. found the 
strongest association between  FLG  mutations 
and AD in the subgroup with AD onset <2 years 
of age, with a carrier frequency of 21.3 % versus 
9.6 % in controls ( p  = 8.45 × 10 −6 ) [ 5 ,  14 ]. More 
recently, Flohr et al. showed in a cohort of over 
600 3-month-old infants that  FLG  mutation carri-
ers were more likely to have AD than wild-type 

 subjects (OR 3.55, 95 % CI 2.16–5.84) [ 6 ,  15 ,  16 ]. 
Furthermore, where children have been followed 
up longitudinally, such as in the Dutch PIAMA 
cohort ( n  = 934),  FLG  mutation carriage (R501X, 
2282del4 and R2447X) has been linked with AD 
onset during the fi rst year of life (OR 2.6, 95 % 
CI 1.6–4.2, OR 2282del4 alone 8.2, 95 % CI 2.6–
25.9), but not AD commencing after the fi rst 
birthday [ 1 ,  2 ,  17 ]. More specifi cally, Carson 
et al. reported in a cohort of 411 children born to 
asthmatic mothers that  FLG  mutations were 
associated with a mean onset at 246 days, com-
pared to wild-type individuals at 473 days 
( p  < 0.0001) [ 3 ,  18 ].  

16.4     Disease Course 

 Several studies, some of which have been out-
lined above, have also suggested that  FLG  muta-
tion inheritance predisposes to more persistent 
AD [ 4 ,  10 ,  13 ,  19 ]. One paper looked at the 
infl uence of  FLG  mutations upon disease trajec-
tory in a large population-based birth cohort 
study, using survival analysis of children with 
AD established at 42 months [ 3 ,  20 ]. The mean 
time that AD persisted was 76.7 months in chil-
dren with  FLG  mutations compared to 
65.6 months in wild-type individuals, refl ected 
in a hazard ratio of 0.67 (95 % CI 0.58–0.77). 
Since then, Thyssen et al. have explored the 
natural history of AD in subjects homozygous 
for  FLG  loss-of-function mutations in a large 
sample from three cohorts, where  FLG  homozy-
gotes or compound heterozygotes accounted for 
0.7 % of children, 0.3 % of adults, and 3 % of 
AD patients [ 5 ,  21 ]. Despite a complete absence 
of epidermal fi laggrin in these individuals, one 
in three children and one in nine adults reported 
never suffering from AD. Furthermore, year-
long complete remission was observed in half of 
the  FLG  homozygotes – even among patients 
from a hospital dermatology clinic – suggesting 
that the natural course of AD in patients homo-
zygous for the  FLG  null genotype can be sur-
prisingly favorable.  
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16.5     Disease Severity 

 Another important question is whether  FLG  null 
mutation inheritance predisposes to more severe 
AD. Ekelund et al. conducted the fi rst analysis of 
 FLG  mutation variants in a Swedish population, 
reporting that the highest odds ratio for the com-
bined R501X and 2282del4  FLG  genotype was for 
the subgroup with severe disease (OR = 4.73, 95 % 
CI 1.98–11.29). This was defi ned as a score of ≥4 
using an index comprising age at onset, need for 
hospitalization, number of body sites affected, and 
total serum IgE levels [ 6 ,  22 ]. Subsequently, 
Brown et al. conducted a prospective study of 792 
school children with a predominance of mild-
moderate AD, reporting that  FLG  mutations were 
associated with a more severe phenotype 
( p  = 0.004) [ 5 ,  7 – 10 ,  23 ]. However, although the 
results were statistically signifi cant, the mean dif-
ference was only 2 points on the Three-Item 
Severity (TIS) score index [ 11 ,  24 ]. This discon-
nect between a statistically signifi cant association 
and clinically meaningful signifi cance had already 
been highlighted by Morar et al. [ 9 ,  12 ,  25 ] and 
was more recently confi rmed in a UK cohort of 
3-month-old infants, where a small but signifi cant 
difference in AD severity between  FLG  mutation 
and wild-type carriers with AD was observed 
(median SCORAD  FLG  mutation “yes” vs. “no” 
12.5 vs. 7.5,  p  < 0.001) [ 7 ,  15 ]. Furthermore, the 
same group showed that moderate- severe disease 
was associated with a higher TEWL compared to 
mild AD ( r  = 0.55,  p  < 0.001) [ 10 ,  16 ]. There was 
also a signifi cantly higher TEWL in children with 
 FLG  loss-of- function mutations versus wild-type 
children, even if they did not have AD, suggesting 
that skin barrier impairment precedes the AD phe-
notype [ 13 ,  15 ]. Similarly, the Danish COPSAC 
study showed signifi cant but clinically marginal 
effects using different AD severity parameters 
(number of unscheduled visits  FLG  mutation 
“yes” vs. “no” 3.6 vs. 2.7,  p  = 0.04; moderate-
severe SCORAD  FLG  mutation “yes” vs. “no” 
44 % vs. 31 %,  p  = 0.14; body surface area involve-
ment  FLG  mutation “yes” vs. “no” 10 % vs. 6 %, 
 p  < 0.001) [ 14 ,  18 ]. Finally, two meta-analyses 

confi rmed a signifi cant association between  FLG  
mutation inheritance and AD severity [ 12 ,  14 ,  16 , 
 26 ]. However, a more recent study from Sweden 
(BAMSE cohort,  n  = 3,301) did not show an asso-
ciation between AD severity and  FLG  phenotype 
in preadolescent children [ 27 ].  

16.6     Other Disease Associations 

 In addition to the infl uence of  FLG  mutations on 
AD onset, severity, and chronicity, a number of 
specifi c disease associations have been explored, 
partly to delineate AD subphenotypes. 

16.6.1     Clinical Presentation 

 Palmar hyperlinearity shows a strong associa-
tion with  FLG  null mutations. This was first 
reported by Weidinger et al. ( p  = 5.4 × 10 −6 ) in 
a collection of 476 German families with an 
AD history [ 9 ]. Brown et al. then performed a 
population-based case–control study in which 
palmar hyperlinearity was found to be signifi-
cantly associated with the combined  FLG  null 
genotype, as well as with the four most preva-
lent  FLG  mutations when analyzed individu-
ally; this resulted in a positive predictive value 
of 71 % and a negative predictive value of 
90 % for palmar hyperlinearity in association 
with  FLG  mutation inheritance [ 28 ]. The same 
group subsequently made the observation of 
three distinct patterns of palmar hyperlinearity 
after detailed physical examination of 484 
children, with a cross-hatched pattern predom-
inating overall and in AD, compared to a lin-
ear pattern more commonly found in ichthyosis 
vulgaris [ 23 ]. Another important clinical fea-
ture of  FLG  inheritance is keratosis pilaris; 
like palmar hyperlinearity, this is found in 
both ichthyosis vulgaris and AD. 

 Little work has been done on whether AD in 
 FLG  mutation carriers follows a different body 
distribution compared to wild-type children with 
AD. Flohr et al. found no link between FLG 
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mutation inheritance and a fl exural versus non- 
fl exural pattern [ 16 ], but Carson et al. recently 
suggested that  FLG  null mutations predispose to 
AD in air-exposed sites, especially the cheeks 
and the back of the hands [ 18 ]. This may be 
important, as allergic sensitization – for instance, 
to aeroallergens – and other allergic diseases also 
show signifi cant association with  FLG  mutation 
inheritance.  

16.6.2     Allergic Sensitization: Food 
and Respiratory Allergies 

 Palmer et al. were the fi rst to make the observa-
tion that  FLG  mutation carriers have an increased 
risk of developing asthma – but only in the con-
text of current or previous AD [ 6 ]. Large 
population- based studies have consistently repli-
cated this observation, with overall risk ratios 
ranging from 1.48 to 1.79 [ 12 ,  20 ,  29 ]. Allergic 
sensitization and hay fever are also independently 
associated with  FLG  mutations [ 12 ,  29 ]. One 
meta-analysis synthesized data from 24 studies 
of  FLG  defects and allergic disease, reporting 
odds ratios for allergic sensitization (1.91, 95 % 
CI 1.44–2.54), allergic rhinitis (2.84, 95 % CI 
2.08–3.88), and asthma (2.79, 95 % CI 1.77–
4.41) [ 12 ]. Given that fi laggrin is not expressed in 
respiratory epithelia, the most likely explanation 
is that transcutaneous sensitization to aeroaller-
gens occurs via an impaired epidermal barrier. 

 A similar mechanism has been suggested for 
food sensitization, based on the observation that 
children exposed to arachis oil creams (contain-
ing peanut protein) in early life have a signifi -
cantly higher risk of developing challenge-proven 
peanut allergy [ 30 ] compared to unexposed 
atopic and healthy controls. Furthermore, a case–
control study comparing 71 challenge-proven 
patients with peanut allergy with 1,000 non-sen-
sitized controls found an almost fourfold increase 
in peanut allergy risk in children with at least one 
 FLG  mutation compared to wild-type children, 
even after adjustment for AD (OR = 3.8, 95 % CI 
1.7–8.3) [ 31 ]. The risk of peanut allergy almost 

doubled where children had AD in early life 
(OR = 7.4, 95 % CI 4.1–13.7). However, the study 
relied on parent-reported AD, only looked at one 
food, and did not include an assessment of skin 
barrier function. These issues were subsequently 
addressed in an investigation by Flohr et al., who 
showed independent links between skin barrier 
impairment (raised TEWL), AD phenotype, and 
food sensitization as early as 3 months of age 
[ 16 ]. AD increased the risk of food sensitization 
more than sixfold overall (OR = 6.18, 95 % CI 
2.94–12.98), and the association was particularly 
strong for sensitization to cow’s milk (OR = 9.11, 
95 % CI 2.27–36.59), egg (OR = 9.48, 95 % CI 
3.77–23.83), and peanut (OR = 4.09, 95 % CI 
1.00–16.76). There was also a stepwise increase 
in food sensitization risk with more severe AD 
(OR SCORAD < 20  = 3.91, 95 % CI 1.79–9.00 vs. 
OR SCORAD ≥ 20  = 25.60, 95 % CI 9.03–72.57, 
 p  trend  < 0.001), even after adjustment for  FLG  
mutation inheritance and TEWL. This further 
implies that a defective skin barrier enhances 
transcutaneous antigen exposure and allergic 
priming, particularly where eczematous skin 
infl ammation is present – an effect that is likely 
to be mediated by antigen-presenting cells in the 
epidermis. This in turn may lead to systemic sen-
sitization and distal allergic infl ammation in the 
respiratory tract or gut. 

 The wealth of clinical evidence in humans is also 
supported by animal work, with Fallon et al. per-
forming topical application of ovalbumin in fl aky 
tail mice homozygous for a mutation analogous to 
human  FLG  mutations. This resulted in cutaneous 
infl ammatory infi ltrates and enhanced cutaneous 
allergen priming, associated with an upregulation in 
allergen-specifi c IgE and Th2 cytokines [ 32 ].  

16.6.3     Skin Infections 

  FLG  mutation inheritance also impacts upon 
susceptibility to infectious complications of 
AD, as shown by Gao et al., who reported that 
AD patients who developed eczema herpeticum 
had a three times higher frequency of the R501X 
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mutation versus wild-type children (25 % vs. 
9 %,  p  = 0.0002) [ 33 ]. Indeed, it is well estab-
lished that the antimicrobial barrier is compro-
mised in AD, with 90 % of AD patients colonized 
with  Staphylococcus aureus  (SA) compared to 
5–30 % of healthy individuals [ 34 ]. There is also 
a reduction in antimicrobial peptide expression 
in the skin of AD sufferers, further enhancing 
susceptibility to skin infections [ 35 ]. The pH-
lowering effect of fi laggrin breakdown products 
in the skin may likewise play a role, as evidenced 
in vitro by Miajlovic et al., who showed that SA 
growth rates and protein expression were 
reduced in the presence of  urocanic acid and pyr-
rolidone carboxylic acid [ 36 ]. Several studies 
have shown that fi laggrin defi ciency is associ-
ated with  elevated skin-surface pH [ 37 ,  38 ], so it 
appears likely that this disrupted “acid mantle” 
of the stratum corneum facilitates the growth of 
SA and other microbial agents. 

 A fi nal study used skin taping and mass spec-
trometry to analyze protein expression in AD 
patients and healthy controls, then classifi ed sub-
jects according to history of eczema herpeticum 
and  Staphylococcus aureus  colonization. 
Interestingly, this proteomic profi ling revealed 
that proteins related to the skin barrier (including 
fi laggrin-2) and generation of natural moisturiz-
ing factor (of which fi laggrin is a part) were in 
fact expressed at lower levels in lesional versus 
non-lesional sites of AD subjects both with and 
without a history of eczema herpeticum. The 
authors suggested that lower expression of such 
proteins could further exacerbate barrier defects 
and perpetuate water loss from the skin. No sig-
nifi cant differences were found between patients 
with AD with and without a history of eczema 
herpeticum [ 39 ].   

16.7     Gene-Gene and Gene- 
Environment Interactions 

 Gene-gene interactions have been a major focus 
of interest, with epistatic effects postulated for a 
number of candidates including the serine 
 protease inhibitor SPINK5 and the kallikrein 7 
gene KLK7, which also contributes to the regula-

tion of the desquamation process in the epidermis 
[ 40 – 42 ]. However, a substantial study involving 
more than 2,500 cases and 10,000 controls failed 
to confi rm this [ 43 ]. 

  FLG  is also thought to exhibit gene- 
environment interactions. This is a seemingly 
intuitive concept given the rise in AD preva-
lence in recent decades, which cannot be 
explained by genetic mutations alone, and the 
 FLG -associated population- attributable risk of 
only around 10 %. As argued above, a funda-
mental aspect of the  FLG  story is that the atopic 
march is initiated by a weakened epidermal bar-
rier and enhanced penetration of environmental 
food and aeroallergens, leading to allergic sen-
sitization and potentially fl ares in existing AD, 
contributing to more severe and chronic disease. 
Any environmental factor that has a detrimental 
effect on skin barrier integrity should conse-
quently enhance AD risk (Fig.  16.1 ). For 
instance, frequent use of detergents as well as 
higher chlorine and calcium carbonate levels in 
tap water has been associated with AD in popu-
lation-based settings. This is potentially 
explained by a reduction in natural moisturizing 
factor, increase in skin pH, and a subsequent 
upregulation in protease activity [ 44 – 47 ]. Cat 
ownership in early life only increases AD risk in 
individuals carrying at least one  FLG  loss-of-
function mutation [ 17 ,  48 ]. Sibship size is 
another potential environmental modulator, 
with two large German birth cohort studies 
reporting that children with  FLG  null mutations 
have a greater risk of AD if they have an older 
sibling. However, there is currently no explana-
tion as to why this might be the case, and atten-
dance at a day care center lessened this effect 
[ 49 ], potentially mediated by microbial expo-
sure. Furthermore, there are no studies at pres-
ent that have assessed the effect of the 
constituents of the skin microbiome on skin bar-
rier function in the context of  FLG  genotype and 
AD risk. Finally, environmental pollution – such 
as NO 2  levels, maternal smoking, and passive 
smoking by the child – has been also been asso-
ciated with an increase in AD in the offspring 
[ 50 – 55 ]. However, the latter does not appear 
linked to the  FLG  genotype [ 20 ], and no study 
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has so far assessed gene- environment interac-
tions between fi ne particle air pollution,  FLG  
mutations, skin barrier function, and AD risk.

16.8        Therapeutic Implications 

 The evolving  FLG  story has led to a paradigm 
shift in the proposed pathoetiology of AD, from a 
primarily immuno-centric view to one in which 
skin barrier function takes center stage. The 
potential therapeutic implications are signifi cant. 
For instance, much research into novel therapeu-
tics is currently aimed at improving skin barrier 
function [ 56 ]. Immunomodulation is a promising 
approach, given that infl ammation appears to 
reduce fi laggrin expression via upregulation in 
Th2 cytokines IL-4, IL-13 [ 57 ], and IL-22 [ 58 ]. 
Indeed, topical anti-infl ammatories have already 
been shown to reverse the reduced fi laggrin 
expression seen in lesional AD [ 59 ]. Another 
strategy is high-throughput screening to identify 
novel compounds able to upregulate fi laggrin 
expression. Gentamicin and PTC124 (a potent 
nonsense mutation inhibitor) have both been put 
forward as candidates [ 60 ]. However, efforts here 

have been hampered by the fact that fi laggrin is 
not normally expressed in monolayer keratino-
cyte cultures, leading to diffi culties in developing 
a high-throughput screening assay. Finally, it is 
possible to target fi laggrin protein translation, 
thereby enabling “read through” of stop codons 
and restoring full protein expression. This is an 
approach already under investigation for genetic 
disorders such as cystic fi brosis and Duchenne’s 
muscular dystrophy, although it is tempting to 
postulate that skin conditions may represent more 
successful targets because of the potential for 
direct topical drug application   .

       Conclusion 

 The closer we look, the more complex AD 
becomes, and we might well be dealing with 
several distinct entities that clinically manifest 
in a similar way, rather than one disease. Here 
our improved understanding of skin barrier 
function, as well as genetic and immunologi-
cal biomarkers, will help to delineate AD sub-
phenotypes, with the discovery of the  FLG  
gene making a major contribution. Despite 
this, half of AD patients, even with moderate-
severe disease, do not carry a  FLG  mutation, 
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  Fig. 16.1    The interplay between skin barrier-related environmental and genetic as well as immunological factors in the 
development of AD       
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so it is important that the search for further 
genetic loci continues [ 61 ]. It is also a puzzle 
as to why the clinical presentations of ichthyo-
sis vulgaris and AD are so different, given the 
joint association with  FLG  loss-of-function 
mutations. With a population-attributable risk 
of only 10 % for  FLG  mutations in AD, it is 
vital that we continue to explore early-life 
 FLG  - environment interactions in population-
based study designs. These include determina-
tion of phenotypic skin barrier function and 
immunological markers, partly to explain dis-
crepancies in previous epidemiological study 
results, but also to explore how these factors 
infl uence the effect of environmental risk fac-
tors on AD development, severity, and natural 
history [ 62 ].     
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17.1            Introduction 

 Asthma is a chronic infl ammatory respiratory 
disease affecting up to one-fourth of the popu-
lation in industrialized countries [ 1 ]. Moreover, 
asthma remains undiagnosed in a considerable 
proportion of the population [ 2 ]. During the sec-
ond half of the last century, the prevalence of 
asthma has risen to epidemic proportions, mainly 
in developed countries, but, more recently, also 
in developing countries. After a period, primar-
ily between the 1960s and the 1990s, with a high 
number of new asthma cases, the incidence now 
seems to have reached a plateau; in some coun-
tries with a formerly high incidence, the inci-
dence seems to have declined [ 1 ]. 

 The reasons for the rapid increase in asthma 
prevalence are imperfectly understood, but since 
it has occurred more rapidly than changes to the 
genome sequence would allow, environmen-
tal factors have been evoked. According to  the 
hygiene hypothesis  formulated by British epi-
demiologist David Strachan in 1989, lifestyle 
changes associated with a decreased microbial 
diversity in industrialized societies during the 
second half of the last century such as higher 
standards of personal cleanliness, better house-
hold amenities, and increased use of antibiotics 
are responsible [ 3 ]. These factors are thought to 
have affected asthma susceptibility in the popu-
lation through a complex developmental inter-
play with genetic factors. Of particular interest, 
a recent population study of 3,335 Danish adults, 
18–69 years of age, suggested that carriers of 
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loss-of-function mutations (the variants  R501X  
and  2282del4 ) in the fi laggrin gene ( FLG ) have 
been more susceptible to such environmental 
changes, exemplifi ed by the observation that the 
prevalence of atopic diseases among successive 
generations in this population increased more 
among carriers than among noncarriers [ 4 ].  

17.2     Clinical Characteristics 
of Asthma 

 Wheezing, shortness of breath, chest tightness, 
and cough are typical asthma symptoms. 
However, these symptoms occur with variable 
frequency between patients, and some patients 
might only have one or a few different symp-
toms—for example, patients with  cough-variant 
asthma  [ 5 ]. Symptoms may occur during day-
time as well as nighttime, which indicate uncon-
trolled, severe asthma. 

 Asthma can be divided into intermittent and 
persistent disease, the latter which, according to 
the Global Initiative for Asthma (GINA) guide-
lines, can be divided further into mild, moderate, 
and severe [ 6 ]. This defi nition is based on symp-
tomatic frequency and degree of lung function 
impairment, but possibly constitutes a pathophysi-
ological continuum of disease severity, with the 
more severe cases having a higher degree of air-
way infl ammation dominated by eosinophils and 
mast cells resulting in chronic airfl ow obstruction. 

 There is no single diagnostic test that defi -
nitely can decide whether a person has asthma. 
Consequently, the diagnosis is made on the basis 
of a history of characteristic recurrent airway 
symptoms concomitantly with an objective veri-
fi cation of airfl ow limitation, such as decline in 
lung function (e.g., forced expiratory volume 
in the fi rst second, FEV 1 ), reversible airfl ow 
obstruction, airway hyperresponsiveness, or peak 
expiratory fl ow rate variability. 

 It is recognized that asthma is not a single dis-
ease but probably constitutes several subtypes of 
disease that probably have different causes [ 7 ]. 
Already in 1947, Rackeman divided asthma into 
 extrinsic/atopic  and  intrinsic/nonatopic  subtypes, 
characterized, respectively, by a concomitant 

 positive and negative skin prick test to aeroaller-
gens [ 8 ]. Unlike classical atopic asthma, which 
usually has an early onset, nonatopic asthma 
seems to be associated with later onset, female 
preponderance, obesity, greater symptomatology, 
decreased sensitivity to inhaled corticosteroids, 
and a relatively low degree of eosinophilic infl am-
mation [ 9 ]. 

 There is an increase in the number of T helper 
(Th) 2 cells in the airways of asthmatic patients, 
whereas in normal airways Th1 cells predominate. 
By secreting the cytokines IL-4 and IL-13, which 
drive IgE production by B cells, IL-5, which is 
responsible for eosinophil differentiation in the 
bone marrow, and IL-9, which attracts and drives 
the differentiation of mast cells, Th2 cells play a 
central role in the asthmatic infl ammation [ 10 ].  

17.3     Asthma Is a Multifactorial 
Disorder 

 Asthma runs in families. However, the disease is 
not caused by a single mutation in one gene, and 
therefore, the transmission of the asthma does not 
follow simple Mendelian inheritance. Rather, 
asthma is a  multifactorial disorder , which means 
that many factors—both genetic and environ-
mental—contribute to its development. This 
makes prediction of asthma for a given genotype, 
or combination of genotypes, diffi cult. 

 The individual risk of asthma depends on the 
degree of genetic relatedness between that individ-
ual and the relative with the disease (Fig.  17.1 ). For 
example, the recurrence risk of asthma in children 
with one affected parent is around 25 %, whereas 
the risk if both parents are affected is around 
50 %. Twin studies also support that asthma has 
a strong genetic component, as the recurrence risk 
of asthma in monozygotic twins is much higher 
than in dizygotic twins [ 11 ]. However, the fact that 
monozygotic twins are not always concordant for 
asthma implies that environmental risk factors also 
play an important role.

   Over a hundred different asthma susceptibil-
ity genes have been identifi ed; however, each 
contributes only marginally to disease risk. 
These relate chiefl y to (1) mucosal biology and 
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 function, (2) functioning of the immune sys-
tem, and (3) lung function and disease expres-
sion [ 12 ]. Although molecular genetic studies of 
asthma have been conducted for several decades, 
they have translated only sparsely into new treat-
ments or modifi able options for asthma. Notably, 
most known asthma susceptibility genes prob-
ably increase the risk of disease by a factor of 
about only 1.2 or even less [ 13 ].  

17.4     Natural History of Asthma 

  The atopic march  concerns the development of 
atopic dermatitis (AD) and concomitant sensiti-
zation to food and aeroallergens in early child-
hood, progressing to asthma and allergic rhinitis 
in later childhood [ 14 ]. Typically, the child devel-
ops AD in the fi rst months of life accompanied 
by sensitization to milk and egg. Sensitization to 
indoor allergens such as house dust mite, cock-
roach, and furred pets follows, and within the 
fi rst 2 years of life, the child develops recurrent 
episodes of wheezing, mostly in conjunction 

with viral respiratory tract infections. After this 
age, wheezing episodes become more frequent 
and occur in between respiratory infections. 
Later in childhood, allergy to outdoor allergens 
develops, and allergic rhinoconjunctivitis occurs 
in relation to exposure to grass and tree pollen. 
Despite the teenage years being a time when 
asthma symptoms may disappear or become less 
pronounced, after some symptom-free years, skin 
and respiratory symptoms return in a subset. 

 Although the skin sensitization occurring in 
AD appears to be the trigger for the subsequent 
development of the other allergic conditions, the 
progression is not uniform in all atopic children. 
Allergic manifestations can develop at any point 
in life. Further, many will experience only one or 
perhaps two atopic manifestations, and the devel-
opment of these can be interspaced by several 
years. In some children the sequence of events 
is reversed, so that asthma precedes the develop-
ment of eczema, and sometimes symptoms occur 
simultaneously, rendering the age at onset of the 
different disorders indistinguishable. Accordingly, 
the severity of the atopic syndrome varies highly 
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between affected individuals, and the course of the 
disease depends on a dynamic interplay between 
many innate and triggering factors.  

17.5     Why  FLG  Mutations Are 
Thought to Increase the Risk 
of Asthma 

 Individuals with AD have a marked increased risk 
of later asthma. Interestingly, this increased risk is 
probably dose dependent so that individuals with 
early onset AD or more severe eczema have an 
even higher risk of later development of asthma 
[ 15 ]. The advent of  FLG  mutations has led to the 
hypothesis that the skin acts as the site of primary 
sensitization through defects in the epidermal bar-
rier with secondary reactivity in the airways [ 14 ]. 
Filaggrin is critical for skin barrier function. Thus, 
defi cient levels of fi laggrin lead to epidermal 
defects, to increased transepidermal water loss, 
and possibly to increased penetration of antigens 
into the skin, allowing skin-resident antigen-pre-
senting cells such as Langerhans or dendritic cells 
to capture environmental antigens [ 16 ]. In addi-
tion, barrier-disrupted keratinocytes release 
immune adjuvants that activate and mature these 
innate immune cells, as well as affect their ability 
to direct naive T-cell polarization and thereby 
affect the character of the T-cell response. 

 Filaggrin is not expressed in the lower airway 
epithelium [ 16 ]. Therefore, the assumption is that 
AD is a causal risk factor for asthma and sys-
temic allergen sensitization in the context of  FLG  
mutations. Consequently,  FLG  mutations are 
unlikely to directly affect barrier function and 
allergen sensitization in the lungs. Instead, fi lag-
grin defi ciency-driven primary percutaneous 
allergic sensitization is speculated to lead sec-
ondarily to hyperactive airways and asthma [ 17 ].  

17.6     Association Between  FLG  
Mutations and Asthma 

 The association between  FLG  null variants and 
asthma has been studied in independent popula-
tions from several countries such as Germany, 

the United Kingdom, the United States, Austria, 
Croatia, Poland, Sweden, Denmark, the 
Netherlands, Japan, and China. The main part of 
these studies has included children, whereas some 
have been performed in adult populations. Some 
of these studies were limited to study the overall 
risk of asthma attributable to  FLG  mutations, irre-
spective of eczema, and did not explicitly stratify 
on eczema status. Moreover, while some have 
used a questionnaire definition of disease, based, 
for example, on parent report, most of the studies 
have employed a physician’s diagnosis of disease 
(e.g., based on hospital records). Notably, case-
control and family studies have more often used 
clinical definitions of disease, whereas population 
studies, which are more inclined to include larger 
populations of individuals, have tended to use 
self-reported measures of disease. In fact, the ear-
liest studies of  FLG  mutations and asthma prefer-
ably used case-control or family designs, whereas 
later studies were more often population-based. 
These latter studies, which recruited individuals 
from the background population, can be assumed 
to report the least biased risk estimates of asthma 
in  FLG  mutation carriers since disease status, and 
accordingly,  FLG  carrier status, is not affected by 
the selection method of the study participants. 

 The collective evidence from studies of  FLG  
and asthma points to an overall increased risk of 
asthma in  FLG  mutation carriers of about 1.5 rela-
tive to noncarriers, irrespective of AD status [ 18 ]. 
In contrast, the risk of asthma in individuals  with  
AD carrying  FLG  null mutations appears to be 
increased about three times relative to noncarri-
ers, whereas their risk of eczema-free asthma 
seems not to be increased [ 19 ,  20 ]. These results 
indicate that AD is a compulsory precursor for 
development of asthma in  FLG  mutation carriers.  

17.7      FLG  Mutations Predispose to 
Asthma  Selectively  in 
Patients with AD 

 The study by Palmer and colleagues from 2006 
of families from Ireland, Scotland, and the 
United States with ichthyosis vulgaris and of 
selected clinical cohorts of children from Ireland, 
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Scotland, and Denmark with AD, asthma, and 
maternal asthmatic predisposition, respec-
tively, was fi rst to report an association between 
 FLG  loss-of-function mutations and AD [ 21 ]. 
Interestingly, asthma was also highly associated 
with  FLG  null carrier status (the variants  R501X  
and  2282del4 ) in these individuals, but  exclu-
sively  in those with coexisting AD. In contrast, 
the risk of asthma in the absence of AD was not 
increased. This fi nding spawned the theory of the 
defi cient epidermal barrier as an important com-
ponent in the pathogenesis of atopic asthma. 

17.7.1     Case-Control and Family 
Studies 

 The risk of eczema-associated asthma in  FLG  
mutation carriers, estimated in case-control and 
family studies, tends to be higher than that esti-
mated in general population studies: all published 
case-control and family studies fi nd a signifi cantly 
and markedly higher risk of eczema- associated 
asthma in  FLG  mutation carriers relative to non-
carriers. For example, in the original discovery 
cohort described by Palmer and colleagues, the 
risk of asthma in eczema patients associated with 
 FLG  null status was increased almost 13 times: 
OR = 12.94 (5.05–35.93) [ 21 ]. 

 Moreover, a study of European, mainly 
German, children from 2006 by Marenholz et al. 
found that the risk of asthma was increased more 
than six times in individuals with AD and  FLG  
null mutations: reported OR = 6.21 (2.6–14.8). 
The risk of asthma with eczema was even more 
increased in patients with two mutant alleles, 
OR = 11.76 (1.2–116.3). The study estimated 
that the proportion of cases of eczema-associated 
asthma in the (German) population attributable to 
the mutant  FLG  alleles was ~21 % [ 22 ]. 

 Another study from 2006 by Weidinger and col-
leagues of 476 German families with AD found that 
the risk of eczema-associated asthma was increased 
by a factor of 3.4 [ 20 ,  23 ]. Moreover, a later study 
by Weidinger et al. of 274 adults with AD found 
an OR of eczema- associated asthma of 6.26 (3.12–
12.57) [ 20 ,  24 ]. For a complete overview of case-
control and family studies, please see Table  17.1 .

17.7.2        Population Studies 

 The markedly increased asthma risk reported in 
case-control and family studies is somewhat in 
contrast to the generally lower estimates obtained 
from several random population studies (see 
Table  17.2  for a complete overview of population- 
based studies). Notably, Brown and co-workers 
studied 811 English children aged 7–9 years 
and found that the overall population risk of 
asthma in individuals with  FLG  null status was 
not increased in heterozygotes, OR = 1.0 (0.6–
1.6), whereas it was in homozygotes, OR = 3.6 
(1.0–13.7) [ 36 ]. Of children with eczema  and  
asthma, 23.2 % carried one or more of  FLG  null 
mutations compared with 11.8 % of noncarriers. 
The risk of atopic eczema-associated asthma in 
 FLG  mutation carriers was increased 1.5 times 
(0.8–2.8), whereas the OR for carriers of two null 
mutations was as high as 11.9 (3.1–45.6).

   Henderson et al. studied a large population- 
based birth cohort comprising 6,971 children also 
from the United Kingdom and found an overall 
population risk of asthma in  FLG  mutation carri-
ers of 1.80 (1.34–2.41), whereas  FLG  mutations 
conferred an increased asthma risk in the context 
of eczema of 3.16 (2.25–4.43) [ 37 ]. 

 In a population-based study of 5,289 older 
adults again from the United Kingdom, Rice 
et al. found that the risk of currently symptom-
atic asthma associated with  FLG  mutations was 
increased a little under 1.5 times with a reported 
OR of 1.45 (1.04–2.03) [ 38 ]. Moreover, there was 
a borderline association with wheezing in the pre-
vious 12 months, OR = 1.26 (1.00–1.59). It was 
not possible to estimate the risk of asthma in indi-
viduals with and without AD, respectively, in that 
study, due to only few individuals reporting both 
conditions simultaneously ( n  = 41). Interestingly, 
the  R501X  mutation was independently associ-
ated with symptomatic asthma, OR = 1.59 (1.05–
2.40), whereas  2282del4  was not. 

 Weidinger et al. examined 3,099 German chil-
dren recruited as part of the International Study of 
Asthma and Allergies in Childhood II (ISAAC II) 
and found a signifi cant overall association with 
asthma, OR = 1.79 (1.19–2.68). However, the 
association with asthma was restricted to asthma 
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occurring in the context of eczema with a strong 
association with eczema plus asthma: reported 
OR = 3.49 (2.00–6.08) [ 39 ].  

17.7.3     Other Risk Alleles 

 Most of the studies of populations of European 
ancestry have analyzed the risk of asthma 
according to carrier status of the two common-
est  FLG  variants  R501X  and  2282del4 . The 
main part of these studies reports risk estimates 
of asthma according to the carrier status of both 

the  individual and the combined genotypes, and 
although there is some heterogeneity between 
studies for these estimates, it seems that the risk 
of eczema- associated asthma according to the 
individual genotypes  R501X  and  2282del4  can 
be assumed to be equivalent. This uniform risk 
according to the different mutations is expected 
as studies have demonstrated that each of these 
null mutations produces truncated forms of pro-
fi laggrin, which results in a marked reduction or 
absence of processed fi laggrin when present in 
the homozygote or compound heterozygote 
state [ 45 ,  46 ]. 

   Table 17.1    Case-control and family studies reporting an association between fi laggrin gene ( FLG ) mutations and 
asthma   

 Study  Year  Country  Population  Main fi nding in relation to asthma 

 Palmer et al. 
[ 21 ] 

 2006  Several a   Families, 
children b  

  FLG  mutations increase the risk of eczema-
associated asthma 

 Weidinger et al. 
[ 23 ] 

 2006  Germany  476 families with 
AD c  

  FLG  mutations increase the risk of eczema-
associated asthma 

 Marenholz et al. 
[ 22 ] 

 2006  Germany d   1,092 children 
with AD 

  FLG  mutations increase the risk of eczema-
associated asthma 

 Morar et al. [ 25 ]  2007  United 
Kingdom 

 426 families with 
AD 

  FLG  mutations increase 
the risk of eczema-associated asthma 

 Rogers et al. 
[ 26 ] 

 2007  United States  646 children with 
asthma 

  FLG  mutations increase the risk of eczema-
associated asthma 

 Weidinger et al. 
[ 24 ] 

 2007  Germany  274 adults with 
AD 

  FLG  mutations increase the risk of eczema-
associated asthma 

 Hubiche et al. 
[ 27 ] 

 2007  France  99 patients with 
AD 

  FLG ,  SPINK5,  and  KLK7  mutations increase the 
risk 
of eczema-associated asthma additively 

 Ekelund et al. 
[ 28 ] 

 2008  Sweden  406 families with 
AD 

  FLG  mutations increase 
the risk of eczema-associated asthma 

 Müller et al. 
[ 29 ] 

 2009  Several e   496 children/
families with AD 

  FLG  mutations increase 
the risk of eczema-associated asthma 

 Greisenegger 
et al. [ 30 ] 

 2010  Germany, 
Austria 

 462 adults with 
AD 

  FLG  mutations do not increase the risk of 
eczema- associated asthma 

 Lesiak et al. 
[ 31 ] 

 2011  Poland  163 patients with 
AD 

  FLG  mutations increase the risk of eczema-
associated asthma 

 Li et al. [ 32 ]  2011  China  121 children with 
atopic asthma 

  FLG  mutations increase the risk of eczema-free 
asthma 

 Osawa et al. 
[ 33 ] 

 2011  Japan  172 patients with 
AD f  

  FLG  mutations increase the risk of eczema-
associated asthma 

 Wang et al. [ 34 ]  2011  China  116 children with 
AD 

  FLG  mutation increase the risk of eczema-
associated asthma 

 Zhang et al. 
[ 35 ] 

 2011  China  261 patients with 
AD 

  FLG  mutation do not increase the risk 
of eczema- associated asthma 

   a Ireland, Scotland, the United States, and Denmark 
  b Extended pedigrees with ichthyosis vulgaris and clinical cohorts with atopic diseases 
  c AD is atopic dermatitis 
  d Children mainly from Germany but also from Italy, Sweden, the Netherlands, and Poland 
  e Twelve European countries and Canada 
  f Also included patients with asthma  
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   Table 17.2    Population studies reporting an association between fi laggrin gene ( FLG ) mutations and asthma   

 Study  Year  Country  Population  Main fi nding in relation to asthma 

 Brown et al. 
[ 36 ] 

 2008  United Kingdom  811 children   FLG  mutations increase the risk 
of eczema- associated asthma 

 Henderson et al. 
[ 37 ] 

 2008  United Kingdom  6,971 children   FLG  mutations increase the risk of 
eczema- associated asthma 

 Rice et al. 
[ 38 ] 

 2008  United Kingdom  5,289 older adults   FLG  mutations increase the risk of 
asthma 

 Weidinger et al. 
[ 39 ] 

 2008  Germany  3,099 children   FLG  mutations do not increase the risk 
of eczema-associated asthma 

 Schuttelaar et al. 
[ 40 ] 

 2009  Netherlands  934 children   FLG  mutations increase the risk of 
eczema- associated asthma 

 Poninska et al. 
[ 41 ] 

 2011  Poland  3,802 children and 
adults 

  FLG  mutations increase the risk of 
eczema-free asthma 

 Marenholz et al. 
[ 42 ] 

 2011  United Kingdom  9,395 children  No synergistic effect of  FLG  mutations 
and rs7927894 (11q13) on the risk of 
asthma 

 Berg et al. 
[ 43 ] 

 2012  Denmark  3,471 adults   FLG  mutations modify the effect of 
smoking on the risk of (nonatopic) 
asthma 

 Sabolic Pipinic 
et al. [ 44 ] 

 2013  Croatia  440 students   FLG  mutations do not increase the risk 
of asthma (not estimated because of too 
few cases) 

 As more  FLG  mutations have been discov-
ered during the past few years, these have been 
included in several of the more recent studies. 
For example, in the general population study of 
3,099 German children by Weidinger and col-
leagues, the fi ve mutations  R501X ,  2282del4 , 
 R2447X ,  S3247X,  and  3702delG  (there were 
no carriers of  3702delG ) were examined [ 39 ]. 
However, individual genotype risks were not 
computed in that study. 

 Greisenegger et al. studied the four  FLG  
 variants  R501X ,  2282del4 ,  R2447X , and  S3247X  
in 462 Austrian and German adult AD patients 
and 402 control individuals [ 30 ]. Mutation car-
rier status of the combined genotype was not sig-
nifi cantly different in patients with asthma 
compared to patients without asthma (26 % vs. 
22 %), OR = 1.27 (0.79–2.05). Risks pertaining 
to the individual genotypes were not computed 
for asthma in that study. 

 In the population-based study of 811 children 
from the United Kingdom, Brown et al. also stud-
ied the fi ve alleles  R501X ,  2282del4 ,  R2447X , 
 S3247X , and  3702delG  [ 36 ]. The mutations were 
considered together in the analyses and were 

associated with a small excess risk of eczema- 
associated asthma of 1.5 (0.8–2.8). 

 Schuttelaar et al. studied the genotypes 
 R501X ,  2282del4 , and  R2447X  in 934 chil-
dren from the Netherlands as part of the 
Prevention and Incidence of Asthma and Mite 
Allergy (PIAMA) birth cohort [ 40 ]. The com-
bined genotype was associated with asthma at 
age 0–8 years in the context of eczema in the 
first year of life, OR = 3.2 (1.2–8.5), but not in 
children without eczema in the first year, 
OR = 1.8 (0.5–6.1). Specifically, the  2282del4  
mutation was reported to be significantly 
associated with asthma at the age of 0–8 
years, OR = 5.2 (2.4–11.5). 

 Sabolic Pipinic and colleagues studied the four 
alleles  R501X ,  2282del4 ,  R2447X,  and  S3247X  
among 440 Croatian students [ 44 ]. However, 
the relationship between these mutations and 
asthma was not determined due to a low carrier 
frequency (2.6 %) among the Croatian popula-
tion for these genotypes. In fact, no carriers of 
 R2447X  and  S3247X  mutations were identifi ed, 
consistent with a low frequency of  FLG  muta-
tions in the Slavic population.  
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17.7.4     Populations of Non-European 
Descent 

 A few studies of Asian populations have studied 
 FLG  mutations in relation to asthma. Notably, 
Zhang et al. studied in total 18  FLG  mutations 
of which 10 were novel ( R826X ,  3222del4 , 
 R1140X ,  4271delAA ,  Q1790X ,  5757del4 , 
 6834del5 ,  6950del8 ,  S2706X , and  K4671X ) and 
8 were previously reported ( 441delA ,  R501X , 
 3321delA ,  R1474X ,  Q2417X ,  E2422X ,  7945delA , 
and  R4306X ). These mutations were present in 
31.4 % of 261 patients with AD but were not 
associated with asthma [ 35 ]. 

 Also Li et al. [ 32 ] and Wang et al. [ 34 ] studied 
 FLG  mutations in the Chinese population but, in 
contrast to the study by Zhang et al., found a posi-
tive association with asthma. Particularly the study 
by Wang et al. found that the  P478S GG  genotype 
signifi cantly increased the risk of developing 
asthma in patients with AD, OR = 4.68 (1.37–
16.03). Moreover, Osawa and co-workers studied 
 FLG  mutations in patients with AD and asthma, 
respectively, and found an increased risk of asthma 
in Japanese-specifi c  FLG  mutation carriers [ 33 ].  

17.7.5     Interaction with 
Environmental Exposures 

 A study of 3,471 Danish adults found that carriers 
of  FLG  null mutations had a signifi cantly higher 
prevalence of asthma [ 43 ]. Interestingly,  FLG  null 
mutations modifi ed the effect of smoking, render-
ing smokers more susceptible to asthma, and 
reduced pulmonary function with a dose- dependent 

effect of tobacco consumption. The effect was 
observed irrespective of AD but seemed to be con-
fi ned to nonatopic asthma. The biological mecha-
nism underlying this association is not fully clear, 
but the fi nding still implicates that  FLG  mutation 
carriers may be more vulnerable to certain environ-
mental exposures, particularly smoking. 

 An interaction between  FLG  null mutations 
and exposure to cat on the risk of atopic diseases 
has been investigated in two other studies of 
Danish [ 47 ] and Dutch [ 40 ] children, respec-
tively. These studies found an increased risk of 
AD and allergic sensitization to cat, but  not  
asthma, among  FLG  mutation carriers in the con-
text of cat exposure. 

 In a study by Marenholz et al. of 871 children 
from Germany, the presence of the  FLG  muta-
tions  R501X ,  2282del4 , and/or  R2447X  was 
shown to predict future asthma in children with 
eczema and food sensitizations, indicating that 
early subgroup-specifi c interventions could pre-
vent the progression from eczema to asthma [ 48 ].  

17.7.6      FLG  Mutations and Asthma 
Severity 

 Apart from infl uencing asthma susceptibility, 
mutations in  FLG  also infl uence several qualities 
of asthma, such as the risk of exacerbations and 
the symptomatic severity (Table  17.3 ). Notably, 
in a study of 411 Danish children with maternal 
asthmatic predisposition followed from birth 
until school age, carriers of  R501X  and  2282del4  
had an almost two times increased risk of asthma 
exacerbations, which was expressed within the 

   Table 17.3    Studies of the association between fi laggrin gene ( FLG ) mutations and asthma severity and prognosis   

 Study  Year  Country  Population  Main fi nding in relation to asthma 

 Palmer et al. [ 49 ]  2007  Scotland  874 children with asthma   FLG  mutations increase the 
severity of asthma 

 Basu et al. [ 50 ]  2008  Scotland  1,135 children with asthma   FLG  mutations increase the risk 
of asthma exacerbations 

 Marenholz et al. [ 48 ]  2009  Germany  871 children   FLG  mutations predict future 
asthma in children with eczema 
and food sensitizations 

 Bønnelykke et al. [ 51 ]  2010  Denmark  411 children   FLG  mutations increase the risk 
of asthma exacerbations 

S.F. Thomsen



177

fi rst 1.5 years of life and, furthermore, had a 
marked and persistent increase in acute severe 
asthma exacerbations from 1 year of age [ 51 ].

   Moreover, in a large study of children and 
young adults ( n  = 874) with physician-diagnosed 
asthma attending primary and secondary clin-
ics in 18 primary care practices and a second-
ary care asthma clinic in Scotland,  R501X  and 
 2282del4  carriers had a signifi cantly increased 
disease burden, both in terms of lung function, 
with a greater airway obstruction in the  FLG  
null carriers, and in the intensity of medication 
required for disease control [ 49 ]. Intriguingly, the 
 FLG  mutations were associated with asthma dis-
ease severity even in the absence of a history of 
eczema [ 49 ]. The individual contribution to the 
overall effect of the  2284del4  allele was lower 
than that observed for  R501X , suggesting that 
patients carrying the  R501X  mutation have more 
severe asthma. Studying the same population 
(extended to include 1,135 individuals) showed 
that  FLG  mutations were associated with a two-
fold greater risk of exacerbations in children 
with asthma [ 50 ]. Similarly, exacerbations were 
signifi cant for the  R501X , but not the  2282del4  
mutation, and the combined genotype compared 
to the wild type, respectively. Individuals with 
 FLG  null alleles were more likely to require 
oral steroids (31 % vs. 20 %) for their exacerba-
tions. There was also an increased risk of school 
absence owing to asthma exacerbations in asth-
matic individuals with  FLG  null mutations rela-
tive to wild- type carriers (43 % vs. 30 %) [ 50 ].  

17.7.7      FLG  Mutations and 
Intermediate Asthma 
Phenotypes 

 Several studies have examined the associa-
tion between  FLG  mutations and  intermediate 
asthma phenotypes , such as lung function and 
bronchial hyperresponsiveness [ 26 ,  37 ,  40 ,  43 , 
 48 ,  49 ]. Notably, Rogers and colleagues studied 
646 children with asthma from the United States 
and found that, respectively, individuals with and 
without  FLG  mutations did  not  differ in terms of 
bronchial reactivity to methacholine, postalbuterol 

FEV 1 , or FEV 1 /FVC ratio. This lack of association 
was observed even in the subset with AD and in 
the subset with European ancestry [ 26 ]. 

 Contrary to this, in a large random popula-
tion of children from the United Kingdom stud-
ied by Henderson et al., subjects heterozygous 
for  R501X  had increased bronchial responsive-
ness (0.44 % decrease in FEV 1  per micromole 
of methacholine) compared with that seen in 
wild- type homozygotes [ 37 ]. Further, subjects 
who were heterozygous for one of the defi ciency 
alleles ( R501X  or  2282del4 ) had increased bron-
chial responsiveness (0.29 % FEV 1  per micro-
mole of methacholine), whereas the combination 
of homozygotes and compound heterozygotes 
did not support a linear effect on bronchial 
responsiveness per defi ciency allele carried. 

 Berg and colleagues studied 3,471 Danish 
adults from the general population and found 
that  FLG  null status ( R501X  or  2282del4 ) was 
signifi cantly associated with a decreased FEV 1 /
FVC ratio but not with a low FEV 1  (<80 % of 
expected), or with the level of exhaled nitric 
oxide (a marker of airway infl ammation) [ 43 ]. 

17.7.7.1     Is There an Association 
Between  FLG  Mutations and 
Asthma Independent of AD? 

 A few studies have found a signifi cant associa-
tion between  FLG  null variants and asthma in the 
 absence  of AD. First, a Polish study of 3,802 indi-
viduals, 6–44 years of age, from the general pop-
ulation found an increased risk of asthma, notably 
atopic asthma, independent of the presence of 
AD with a reported OR of 2.02 (1.07–3.81) 
[ 41 ]. The association with asthma independent 
of eczema was present also in the subgroup of 
children aged 6–7 years (whose parents presum-
ably would remember their children having had 
the disease) and in the subgroup of patients who 
denied a history of broadly defi ned infl ammatory 
skin disease, OR = 2.30 (1.07–4.93). However, 
the association with asthma disappeared when 
the analysis was restricted to individuals with 
questionnaire-defi ned asthma, OR = 1.15 (0.58–
2.32). Moreover, the association was only valid 
for the  2282del4  allele and the combined geno-
type ( 2282del4  and/or  R501X ), not for the  R501X  

17 Asthma



178

 genotype alone, and, furthermore, was only pres-
ent among those who were unaware of having 
asthma (i.e., who were diagnosed for the fi rst time 
with asthma by a physician as part of the study). 
The carrier frequency of  FLG  variants in the 
Polish population was low, consistent with a low 
carrier frequency in populations from Eastern 
Europe: only 3.76 and 0.8 % had the  2282del4  
allele and the  R501X  allele, respectively. This 
made the number of asthma patients carrying a 
mutation very low, which could have infl uenced 
the precision of the results. Also, the participation 
rate in the study was only 25.5 %, which could 
have resulted in selection bias. 

 A study from China found that the mutation fre-
quency in children with atopic asthma, of at least 
one of several  FLG  variants common in individu-
als of Asian descent ( 3321delA ,  3222del4 ,  K4671X , 
 S1302X,  and  Q2397X ), was 15.7 % compared with 
only 4.0 % among healthy controls [ 32 ]. This corre-
sponded to an increased risk of eczema-free asthma 
of almost four for the combined genotype, OR = 3.9 
(2.0–7.9). Moreover, signifi cant associations were 
also found for the individual alleles:  3321delA , 
OR = 5.8 (1.5–22.1), and  K4671X , OR = 3.1 
(1.3–7.7). However, the study included only 121 
cases and 301 controls, which provided low sta-
tistical power to detect an effect on the individual 
genotypic level. Moreover, cases and controls were 
inadequately age matched: the median age was 5.0 
years in cases versus a mean age in controls of 16.5 
years, which could have led to spurious associations. 

 Several methodological factors alluding to 
study design and patient characteristics might 

have infl uenced the outcome of these studies; 
therefore, the reliability and implications of a 
positive association between  FLG  variants and 
eczema-free asthma are currently not resolved.   

17.7.8     Association Between  FLG  
Mutations and Asthma in 
Other Patient Populations 

 A study of 449 Belgian and German patients 
with the atopic disease-associated hair disorder 
alopecia areata showed that  FLG  mutations 
 R501X  and  2282del4  conferred an excess risk of 
eczema- associated asthma of 4.63 (2.30–9.35) 
[ 52 ] (Table  17.4 ).

   Moreover, a study of 403 Scottish children 
with infl ammatory bowel disease (i.e., Crohn’s 
disease or ulcerative colitis) showed that the risk 
of asthma in the context of AD was increased 
almost four times, OR = 3.86 (1.65–9.08), in car-
riers of  R501X  or  2282del4  [ 53 ]. 

 Lastly, in a cohort of 459 German patients 
with occupational irritant contact eczema of the 
hands, 68 patients (14.8 %) carried one or more 
of four  FLG  null alleles tested ( R501X ,  2282del4 , 
 R2447X , and/or  S3247X ). Among these patients, 
classical features of AD/ichthyosis vulgaris, such 
as fl exural eczema, dry skin, pityriasis alba, dirty 
neck, pulpitis sicca, hyperlinear palms, keratosis 
pilaris, family history of eczema, and serum total 
IgE were signifi cantly associated with  FLG  
mutations, whereas asthma was not signifi cantly 
so, OR = 1.47 (0.81–2.66) [ 54 ].   

   Table 17.4    Studies of the association between fi laggrin gene ( FLG ) mutations and asthma in other patient 
populations   

 Study  Year  Country  Population  Main fi nding in relation to asthma 

 Betz et al. [ 52 ]  2007  Belgium, Germany  449 patients with 
alopecia areata 

  FLG  mutations increase the risk of 
eczema-associated asthma in patients with 
alopecia areata 

 Van Limbergen 
et al. [ 53 ] 

 2009  Scotland  403 children with 
IBD a  

  FLG  mutations increase the risk of 
eczema-associated asthma in patients with 
IBD 

 Landeck et al. 
[ 54 ] 

 2013  Germany  459 patients with 
contact eczema 

  FLG  mutations do not increase the risk of 
asthma in patients with contact eczema of 
the hands 

   a IBD is infl ammatory bowel disease  
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17.8     Other Genotypes Interacting 
with  FLG  Mutations May 
Increase the Risk of Asthma 

 A few studies have examined the combined 
action of  FLG  and other genotypes in the sus-
ceptibility to asthma. Interestingly, in a hospital- 
based sample of 99 children and adults with AD 
from France, the risk of asthma increased lin-
early according to the number of mutated alleles 
in  SPINK5  (associated with the keratinization 
disorder Netherton syndrome [ 55 ]),  KLK7 , and 
 FLG : having no variants corresponded to a risk 
of asthma of 20 %, whereas having one, two, or 
three variants, respectively, corresponded to a 
prevalence of asthma of 41, 50, and 75 % [ 27 ]. 
Although the number of examined patients was 
small, the study still suggests an additive effect 
of compound alleles other than  FLG  on the risk 
of asthma in AD patients. 

 A study by Lesiak and colleagues of 163 
patients with AD and 204 healthy control indi-
viduals from Poland examined the combined 
action of  FLG  mutations and  IL-4 ,  IL-10 , and  IL- 
13   polymorphisms [ 31 ]. Signifi cant interactions 
were demonstrated between  2282del4  and the CT 
genotype for  IL-13  or GG genotype for  IL-10  and 
a higher risk of developing AD, but not asthma. 

 Marenholz et al. studied 9,395 children from 
the United Kingdom as part of the Avon 
Longitudinal Study of Parents and Children 
(ALSPAC) birth cohort and found no synergistic 
effect on the risk of asthma of the  FLG  mutations 
 R501X  and  2282del4  and a polymorphism on 
11q13 ( rs7927894 ) that has previously been 
associated with a higher risk of eczema [ 42 ].  

    Conclusion 

 There is strong supporting evidence that  FLG  
mutations may be the fundamental predispos-
ing factor not only for the development of 
eczema but also for initial sensitization and 
progression to asthma. Of particular note is the 
association between  FLG  defects and asthma 
selectively in patients with AD, which sup-
ports the hypothesis that asthma is  secondary 

to allergic sensitization occurring after epi-
dermal skin barrier disruption. However, this 
course may be relevant only for certain types 
of asthma, particularly classical atopic asthma 
with early onset, whereas adult- onset asthma 
and nonatopic asthma may result from differ-
ent pathways. Further work is needed within 
larger well-characterized populations, com-
prising children, adults, and diverse ethnic 
groups, and with measured lung infl amma-
tory markers, environmental exposures, and 
genetic variants other than  FLG  mutations in 
order to further delineate the importance of 
 FLG  mutations in the clinical expression and 
prognosis of asthma.     
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18.1            Introduction 

 Allergic rhinitis (AR) or hay fever is a common 
chronic infl ammatory disease of the nasal mucosa 
with an estimated prevalence in adults from 
Western Europe that ranges from 3 to 19 % [ 1 ]. 
Research has shown a relatively low rate of 
physician- based diagnosis of about 13 % [ 2 ], and 
it was presumed that around 45 % of all AR 
patients remain undiagnosed. This same phe-
nomenon was found in multiple different studies 
over time. Therefore, the expected prevalence of 
AR in adults from Western Europe is around 
30 %. Children are slightly more often affected 
than adults [ 2 ,  3 ]. 

 This very common disease was fi rst described 
in 1819 by the physician John Bostock in his 
case report “Periodical affection of the eyes and 
the chest” [ 4 ]. In this fi rst report about AR, the 
classical symptoms were described of itchy, 
runny nose and eyes accompanied by a slump-
ing feeling occurring in spring- and summer-
time. At that time, therapeutic advice included 
obtaining fresh air and the avoidance of a moist 
and closed atmosphere. Unfortunately, the 
reported patient experienced no improvement of 
his complaints. However, during an unusually 
warm summer season, he stayed indoors almost 
all summer and experienced a relief of his com-
plaints. A few decades later, Charles Harrison 
Blackley discovered that the mechanism behind 
AR was caused by pollen, and therefore, he 
named it “hay fever” [ 5 ].  
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18.2     Defi nition and Clinical 
Features 

 Nowadays, AR is more precisely characterized as 
irritation and infl ammation of the nasal and ocular 
mucosal epithelium caused by environmental trig-
gers (OMIM 607154). These include airborne 
allergens such as pollen and house dust mite and 
can cause typical symptoms of sneezing, cough-
ing, and itchy and runny nose and eyes. However, 
AR can also be accompanied with very disabling 
headaches, fatigue, and cognitive impairment. A 
classifi cation of the severity and duration of rhini-
tis symptoms was described in the Allergic 
Rhinitis and Its Impact on Asthma (ARIA) crite-
ria in 2001 [ 6 ,  7 ]. AR was subdivided into mild 
and moderate to severe, based on the impact on 
social life, absence from school or work, and 
sleep deprivation [ 3 ]. The duration of symptoms 
was appointed as persistent if complaints were 
present ≥4 days a week and ≥4 weeks consecu-
tively [ 2 ]. The European Academy of Allergy and 
Clinical Immunology (EAACI) published the 
revised nomenclature for allergy in which rhinitis 
was divided into allergic and non-allergic rhinitis. 
They reported that AR is an immunologically 
mediated hypersensitivity reaction in the nose, 
while non- AR is not [ 6 ]. In 2008, the ARIA work-
group updated their criteria [ 8 ]. They defi ned rhi-
nitis as an infl ammation of the lining of the nose, 
characterized by symptoms including rhinorrhea, 
itchy, stuffy nose, and sneezing, occurring more 
than 1 h a day, during two or more consecutive 
days. AR was classifi ed as a form of rhinitis char-
acterized by an IgE-mediated response against 
aeroallergens often associated with ocular symp-
toms. AR can be subdivided into intermittent AR 
(IAR) and persistent AR (PAR). Allergens like 
pollen from grass or trees during spring and sum-
mer are the main cause of IAR, while PAR is 
caused by allergens present in the home, such as 
house dust mite and cat dander.  

18.3     Diagnosis 

 In daily practice, the diagnosis AR is based on the 
clinical history and physical examination. To con-
fi rm the allergic origin of rhinitis symptoms or to 
decide whether immunotherapy is indicated, allergy 

tests are performed [ 9 ]. For  population- based stud-
ies and clinical trials, different questionnaires have 
been used. The questions “Have you ever had aller-
gic rhinitis?” or “Has a doctor ever told you that 
you suffer from allergic rhinitis?” seemed the most 
effi cient and unambiguous ones [ 10 ]. Additional 
diagnostic tests, such as a skin prick test or measur-
ing total or specifi c IgE, did not appear to contrib-
ute to diagnosing AR.  

18.4     Genetics 

 AR often occurs in the context of the atopic syn-
drome, together with atopic dermatitis, AD 
(atopic eczema, eczema), and asthma. The atopic 
syndrome is characterized by abnormal elevated 
levels of total IgE and elevated levels of specifi c 
IgE against different allergens [ 11 ]. It is known 
that 10–40 % of all patients with AR also have 
asthma and that almost all asthma patients have 
concomitant AR [ 12 ]. In AD it is presumed that 
based on genetic defects, the immune system is 
disturbed and the epithelial barrier function is 
diminished, which causes sensitization and leads 
to allergic diseases such as AR and asthma. 

 AR is strongly associated with asthma and 
chronic rhinosinusitis. It is therefore assumed 
that these diseases share pathophysiological 
mechanisms and are probably caused by the same 
genetic defects [ 11 ,  13 ]. Genetic defects specifi c 
for AR are not described, but mutations leading to 
asthma and concomitant AR are extensively stud-
ied, as asthma and AR are both heritable diseases 
with the same complex pathology of environ-
mental and genetic factors. The most extensively 
studied genes in the context of AR and asthma 
are interleukin-13 (IL-13) and the interleukin-4 
receptor α-chain (IL-4R). As reported by Bottema 
et al. in 2010, IL-13 showed a signifi cant asso-
ciation with AR ( P  = 0.04) and IL-4R mutations 
showed a positive trend ( P  = 0.06) [ 14 ].  

18.5     Filaggrin and the Atopic 
Syndrome 

 Another gene that might be associated with AR 
is the fi laggrin gene ( FLG ). Filaggrin, coded 
on chromosome 1q21, is a  fi l ament -agg regated 
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 prote in  that is able to bind to keratin intermediate 
fi laments in human epithelial cells in order to cre-
ate a proper skin barrier. The  FLG  null mutations, 
R501X and 2282del4, are a substantial molecular 
cause of moderate to severe ichthyosis vulgaris 
(IV) [ 15 ]. These mutations in the  FLG  are char-
acterized by a premature mRNA to protein trans-
lation stop, which causes absence of the fi laggrin 
protein in the skin in homozygous or compound 
heterozygous patients, and are thus called null 
mutations. 

 As IV and AD often appear together and AD 
is also linked to chromosome 1q21, it was sug-
gested in 2006 that  FLG  mutations are probably 
associated with AD as well [ 16 ]. Two  FLG  null 
mutations in particular, namely, R501X and 
2282del4, have been extensively studied in 
patients with AD in the Western population and 
are very strong predisposing factors for this dis-
ease [ 17 ,  18 ]. Other mutations seem to be of 
importance as well (R2447X, S3247X, and 
3702delG). These  FLG  mutations are associ-
ated with early onset, severe, and persistent 
AD. Whether these  FLG  mutations are related 
to atopic diseases other than AD, such as AR, is 
less obvious [ 17 ,  19 ]. However, in the last 7 
years, interest in the association between  FLG  
and these other atopic diseases has been rising.  

18.6     Research on FLG Mutations 
and Allergic Rhinitis in 
Perspective 

18.6.1     Association Between FLG 
Variants and Allergic Rhinitis 

 The fi rst report of an assumed association between 
 FLG  mutations and AR was written by Marenholtz 
et al. in 2006 [ 20 ]. Since that time, a few more 
scientifi c papers have been published. These 
include three case-control studies [ 20 ,  21 ], one 
family study [ 19 ], one cross-sectional study [ 22 ], 
and two cohort studies [ 23 ,  24 ]. Contents of these 
articles are summarized in Table  18.1 . Moreover, 
three review articles have been written wherein 
associations between  FLG  mutations and AR were 
described [ 25 – 27 ]. In three studies, the expression 
of fi laggrin in mucosal tissue or vestibulum of the 
nose has been investigated [ 22 ,  28 ,  29 ].

   Marenholtz et al. fi rst described that a possible 
correlation between  FLG  null mutations and AR 
can be identifi ed [ 20 ]. In this case-control study 
within the Multicentre Allergy Study (MAS) 
cohort, 871 children with AD (SCORAD >15 or 
>20 % affected body surface) were genotyped for 
the mutations R501X and 2282del4 within the 
 FLG . In the presence of AD, AR was signifi -
cantly associated with  FLG  null mutations 
R501X and 2282del4 (OR, 4.79; 95 % CI, 2.0–
11.6;  P  = 1.5 × 10 −5 ). Furthermore, in the absence 
of AD this link was not signifi cant anymore 
( P  = 0.99). 

 A comparable odds ratio was found for the 
relation in adults between AR and  FLG  null 
mutations R501X and 2282del4 by Weidinger 
et al. in 2007 (OR, 4.04; 95 % CI, 2.11–7.72; 
 P  = 2.4 × 10 −5 ) [ 21 ]. In this case-control study, 
274 adults with AD (35.9 ± 10.8 years) were 
compared with 252 healthy adults (39.4 ± 16.1 
years). They also demonstrated that the  FLG  
mutations R501X and 2282del4 are a strong 
risk factor for AD and concomitant atopic 
diseases. 

 The link between  FLG  mutations and AR 
was also investigated in a cross-sectional study 
by Weidinger et al. (2008) including 3,099 
German school children aged 9–11 years [ 22 ]. 
In this study, they did not limit the investigation 
to the mutations R501X and 2282del4 but also 
investigated the more recently discovered muta-
tions R2447X, S3247X, and 3702delG. In this 
study, associations between  FLG  mutations and 
atopic phenotypes were analyzed. They reported 
a signifi cant correlation between  FLG  muta-
tions and AR (OR, 26.4; 95 % CI, 1.76–3.96; 
 P  = 2.5 × 10 −6 ). The most interesting fi nding in 
this study was that this correlation was persistent 
in the absence of AD (OR, 1.93; 95 % CI, 1.21–
3.05;  P  = 5.3 × 10 −3 ). 

 In contrast to the fi ndings of Weidinger et al. 
in 2008, Brown et al. (2008) found no associa-
tion at all between  FLG  mutations and AR (OR, 
1.2; 95 % CI, 0.7–2.0;  P  = 0.66) [ 17 ]. In this 
British case-control study, the same mutations 
were investigated (R501X, 2282del4, R2447X, 
S3247X, and 3702delG) in 784 schoolchildren 
aged 7–9 years. 

 Ekelund et al. studied the relation between  FLG  
mutations R501X and 2282del4 and AR in a  family 
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   Table 18.1    Studies on the association between  FLG  mutations and allergic rhinitis   

  Marenholtz et al., case-control study, 2006, Germany,  
 n   = 871, 0–10 years  

  MAS cohort  

 Eczema  Pediatrician’s diagnosis/parents report/observed 
eczema 

 Atopic dermatitis  Eczema with specifi c IgE to ≥ 1 allergen (≥0.70 kU/l) 
 AR, hay fever  Pediatrician’s diagnosis 
  Phenotype (MAS)    P value    OR (95 % CI)    Null alleles %  
 Eczema ( n  = 186)  3.5 × 10 −5   3.7 (2.0–7.0)  16.7 
 Atopic dermatitis ( n  = 117)  6 × 10 −5   3.8 (1.9–7.7)  17.1 
 AR and eczema ( n  = 44)  1.5 × 10 −5   4.79 (2.0–11.6)  20.5 
 AR, no eczema ( n  = 76)  0.99  1.1 (0.3–3.2)  5.3 
  Weidinger et al., case-control study, 2007, Germany, 
cases 274/controls 252, 35.9/39.4 years  

  Cases from outpatient clinics University of Bonn 
and Technical University of Munich  

 Eczema  Skin examination 
 Atopic dermatitis  Eczema and sensitization and/or IgE levels ≥100 kU/l 
 AR, hay fever  Physician’s diagnosis 
  Phenotype    P value    OR (95 % CI)    Null alleles %  
 Eczema ( n  = 274)  4.9 × 10 −5   3.53 (1.92–6.48)  21.1 
 Atopic dermatitis ( n  = 196)  4.6 × 10 −5   3.66 (1.96–6.83)  n.a. 
 AR and eczema ( n  = 172)  2.4 × 10 −5   4.04 (2.11–7.72)  n.a. 
  Weidinger et al., cross-sectional study, 2008, 
Germany,   n   = 3,099, 9–11 years  

  Part of ISAAC II, Munich and Dresden  

 Eczema  Physician’s diagnosis 
 Atopic dermatitis  Physician’s diagnosis and ≥ 1 positive SPT 

to allergen 
 AR, hay fever  Physician’s diagnosis and ≥ 1 positive SPT 

to allergen 
 Current allergic rhinitis symptoms  Itchy, runny nose and sneezing in the last 

12 months in the absence of a cold 
  Phenotype    P value    OR (95 % CI)    Null alleles %  
 Eczema ( n  = 540)  2.5 × 10 −14   3.12 (2.33–4.17)  16.3 
 Atopic dermatitis ( n  = 193)  3.2 × 10 −14   4.56 (3.08–6.74)  n.a. 
 AR ( n  = 214)  2.5 × 10 −6   2.64 (1.76–3.96)  15.9 
 Current allergic rhinitis symptoms 
( n  = 441) 

 2.6 × 10 −3   1.69 (1.20–2.37)  n.a. 

 AR adjusted for eczema ( n  = n.a.)  1 × 10 −4   2.25 (1.48–3.41)  n.a. 
 AR adjusted for atopic dermatitis 
( n  = n.a.) 

 5.3 × 10 −3   1.93 (1.21–3.05)  n.a. 

 Current allergic rhinitis symptoms 
adjusted for eczema ( n  = n.a.) 

 0.061  1.40 (0.99–2.00)  n.a. 

  Brown et al., case-control study, 2008, Northwest 
England,   n   = 784, 7–9 years  

  Population cohort 1996–2003, hospital-based, West 
Cumberland Hospital, Whitehaven  

 Eczema  UK diagnostic criteria over a 12-month period and skin 
examination 

 AR, hay fever  Questionnaire 
  Phenotype    P value    OR (95 % CI)    Null alleles %  
 Eczema ( n  = 195)  1.8 × 10 −3   26.9 (3.3–217.1)  18.4 
 AR, no eczema ( n  = 152)  0.66  1.2 (0.7–2.0)  n.a. 
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study, which included 406 families of Swedish ori-
gin [ 19 ]. Besides the important fi nding that  FLG  
null mutations were a risk factor for severe AD, 
they found that  FLG  mutations may be susceptibil-
ity factor for AR and other disorders within the 
atopic syndrome. An odds ratio of 2.03 for the 
combined genotype was reported, which confi rms 
a link between  FLG  mutations and AR in the pres-
ence of AD (OR, 2.03; 95 % CI, 1.39–2.97; 
 P  = 7 × 10 −7 ). After correcting for AD, this link did 
not persist. 

 Between 1991 and 1992, the group of 
Henderson et al., from the United Kingdom, per-
formed a large birth cohort study on 14,541 preg-
nant women residing in Avon [ 24 ]. The children 
( n  = 6,971) of these mothers were genotyped for 
mutations R501X and 2282del4 and were ana-
lyzed for symptoms of hay fever at 54 and 81 
months and at the age of 11 years. Positive asso-
ciations between these  FLG  mutations and AR at 
all three time points were found, although a sig-
nifi cant association was only found at 54 months 

  Ekelund et al., family study, 2008, Sweden  ,   n   = 1,514, 
29 years (mean), R501X/2282del4  

  Families from outpatient clinics Karolinska 
University Hospital and Danderyd Hospital, 
Stockholm  

 Eczema  Physician’s diagnosis and skin examination 
 Atopic dermatitis  Eczema and elevated specifi c IgE level (>0.35 kU/l) 
 AR, hay fever  Physician’s diagnosis 
  Phenotype    P value    OR (95 % CI)    Null alleles %  
 Eczema ( n  = 921)  1.3 × 10 −6   1.81 (1.31–2.50)  n.a. 
 Atopic dermatitis ( n  = 588)  9.5 × 10 −8   2.21 (1.50–3.25)  n.a. 
 AR and eczema ( n  = 613)  7.0 × 10 −7   2.03 (1.39–2.97)  n.a. 
  Henderson et al., longitudinal population-based 
cohort, 2008, United Kingdom,   n   = 6,971, 0–11 years  

  ALSPAC cohort  

 Eczema  Reported rash at 6, 18, 30, 42, 57, and 81 months, 
observed fl exural dermatitis at 7–11 years 

 Atopic dermatitis  Eczema and ≥ 1 positive SPT for grass/HDM/cat 
 AR, hay fever  Question: allergic to pollen at 54 months, detailed 

questionnaire at 81 months 
  Phenotype    P value    OR (95 % CI)    Null alleles %  
 Eczema ( n  = 1,445)  1.19 × 10 −22   2.46 (2.02–2.99)  14.8 
 Atopic dermatitis ( n  = 193)  3.96 × 10 −20   2.73 (1.87–3.99)  20.7 
 AR at 54 months ( n  = 5,833)  0.010  1.66 (1.01–2.71)  14.1 
 AR at 81 months ( n  = 5,358)  0.010  1.31 (0.96–1.78)  21.8 
 AR at 11 years ( n  = 4,628)  0.032  1.22 (0.94–1.58)  10.1 
  Schuttelaar et al., birth cohort, 2009, Netherlands,  
 n   = 934, 0–8 years  

  PIAMA cohort  

 Eczema  UK diagnostic criteria at 4 years 
 Atopic dermatitis  Eczema and sensitization at 4 years (=specifi c IgE 

against food/inhalant allergens) 
 AR, hay fever  Questionnaire at 3–8 years 
  Phenotype    P value    OR (95 % CI)    Null alleles %  
 Eczema at 4 years ( n  = 110)  4 × 10 −6   3.3 (1.9–5.5)  20.9 
 Atopic dermatitis at 4 years ( n  = 31)  4 × 10 −3   3.5 (1.4–8.7)  22.6 
 AR at 3–5 years ( n  = 36)  0.39  1.4 (0.6–3.3)  12.3 
 AR at 6–8 years ( n  = 30)  0.1  2.3 (0.9–6.0)  16.7 

  Abbreviation:  AR  allergic rhinitis  

Table 18.1 (continued)
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(resp. OR, 1.66; 95 % CI, 1.01–2.71;  P  = 0.010; 
OR, 1.31; 95 % CI, 0.96–1.78;  P  = 0.010; OR, 
1.22; 95 % CI, 0.94–1.58;  P  = 0.032). 

 The most recent study that investigated an 
association between  FLG  mutations (R501X, 
2282del4, and R2447X) and hay fever was by 
Schuttelaar et al. in 2009 [ 23 ]. From the Dutch 
Prevention and Incidence of Asthma and Mite 
Allergy (PIAMA) birth cohort, a selection of 934 
children up to 8 years old, who were included 
based on the atopic history of their mothers, were 
investigated in this study. The combined geno-
type was not signifi cantly associated with hay 
fever. The 2282del4 variant was associated with 
the fi rst occurrence (annual incidence) of hay 
fever at the age of 6–8 years only (OR, 3.9; 95 % 
CI, 1.5–10.5;  P  = 0.006). The link between  FLG  
mutation 2282del4 with hay fever at 6–8 years 
was only signifi cant in children with eczema in 
the fi rst year of life (OR, 4.0; 95 % CI, 1.2–13.6; 
 P  = 0.03), but not in children without eczema in 
the fi rst year of life (OR, 1.7; 95 % CI, 0.2–13.3; 
 P  = 0.60). 

 The three review articles, not included in the 
table, are mostly based on previous research arti-
cles [ 25 – 27 ]. They all confi rm the association 
between  FLG  mutations and AR with coexisting 
AD.  FLG  mutations not only are a serious risk 
factor of AD but also cause sensitization of 
patients and progression of allergic disease and 
thus the so-called atopic march.  

18.6.2     The Lack of Expression 
of Filaggrin in Mucosal Tissue 

 Apart from the investigations on the association 
between  FLG  mutations and AR, a few studies on 
the expression of fi laggrin in mucosal tissue were 
performed. 

 In 2006, Ying et al. performed the fi rst study 
on the expression of fi laggrin protein in mucosal 
tissue [ 29 ]. They hypothesized that fi laggrin 
would be expressed in human bronchial epithe-
lium, because this kind of tissue expresses many 
proteins present in human keratinocytes. Their 
major fi nding was the total absence of fi laggrin in 
bronchial epithelium of both asthmatic and non- 
asthmatic individuals. 

 Weidinger et al. analyzed the expression of fi l-
aggrin protein in the mouth, nasal vestibulum, 
transitional mucosa, and respiratory mucosa 
using immunohistochemical staining of biopsies 
[ 22 ]. In this study, the expression of fi laggrin 
could not be detected in the respiratory tract, 
although the epithelium of the mouth and the 
nasal vestibulum up to the transitional epithelium 
was positive for fi laggrin .  

 To investigate whether fi laggrin had a direct 
effect on the barrier function of this epithelium, De 
Benedetto et al. studied the expression of fi laggrin 
in the nasal and esophageal epithelium [ 28 ]. In 
both nasal and esophageal epithelium, fi laggrin 
was not present. Therefore, it is unlikely that  FLG  
mutations have a direct effect on the epithelial bar-
rier of the nasal mucosa in the context of AR.   

18.7     Discussion 

 From the aforementioned studies, one can con-
clude that  FLG  mutations are strongly associ-
ated with the development of AD at a young age. 
Unfortunately, the associations between  FLG  
mutations and AR have not been extensively 
investigated. Nearly all scientifi c papers pub-
lished on this topic show a correlation. However, 
in most studies, this was only signifi cant in the 
presence of AD. In the absence of AD, an asso-
ciation between FLG mutations and AR was not 
found except for the study of Weidinger et al. in 
2008 [ 22 ]. They reported an association between 
 FLG  mutations and a parent’s report of a doctor’s 
or physician’s diagnosis of AR in combination 
with a positive skin prick test in the absence of 
AD in schoolchildren, aged 9–11 years (OR, 2.32; 
95 % CI, 1.59–3.36;  P  = 1.0 × 10 −5 ). However, they 
could not demonstrate an association between 
 FLG  mutations and current AR symptoms (OR, 
1.40; 95 % CI, 0.99–2.00,  P  = 0.061). These so-
called current symptoms of AR were defi ned as 
the presence of an itchy, runny nose and sneezing 
in the absence of a cold in the last 12 months. 
One could presume that children who were diag-
nosed with AR in the past should also have had 
current symptoms in the last 12 months. It is 
unlikely that symptoms of AR have completely 
disappeared in these 9–11-year-old children [ 30 ]. 
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Therefore, it is atypical that an association with 
current  symptoms was not found. Moreover, none 
of the affected AR patients within this study were 
homozygous or compound heterozygous for the 
 FLG  mutations, which weakens this association 
even more. 

 The increased risk of AR in patients with 
 FLG  mutations cannot be explained by a sup-
posed increased permeability of the nasal 
mucosa to allergens, due to the absence of fi lag-
grin expression in the epithelium of the mucosa 
of the airways and the nose. The fact that  FLG  
mutations and AR are not associated in the 
absence of eczema indicates that the higher risk 
of AR in patients with  FLG  mutations can only 
be explained by the higher risk of eczema. The 
described association could be based on an 
impaired skin barrier in eczema, which proba-
bly facilitates sensitization. This sensitization is 
subsequent in progression of AD to asthma and 
AR, otherwise called the atopic march [ 31 ,  32 ]. 

18.7.1     The Outside-In Hypothesis 

 According to the “outside-in” hypothesis by Elias 
et al. [ 33 ,  34 ], skin barrier dysfunction (e.g., by 
 FLG  mutations) precedes sensitization via the 
skin and subsequent atopic diseases. O’Regan 
et al. stated that sensitization to aeroallergens in 
AR and asthma, in the context of AD, occurs 
through the skin [ 35 ]. This cutaneous sensitiza-
tion has led to a systemic T H 2 response, caused 
by local processing of allergens by Langerhans 
cells (LHC) and migration to draining lymph 
nodes. This phenomenon has been described in 
mice, and it is assumed that in humans the mech-
anism is similar. 

 Another important aspect of the outside-in 
hypothesis is the increased irritability of 
 fi laggrin- defi cient skin. Cutaneous irritation and 
concomitant infl ammation account for higher 
concentrations of T H 2-associated cytokines, IL-4 
and IL-13. These cytokines, in turn, lead to a 
decreased expression of fi laggrin in the skin. 
This decreased expression leads to increased per-
meability and decreased moisturization, as fi lag-
grin is a barrier protein as well as a moisturizer 
[ 36 ,  37 ].  

18.7.2     Atopic Dermatitis 
and the Atopic Syndrome 
Versus Ichthyosis Vulgaris 

 Although  FLG  mutations certainly have an 
important and probably initiating role in the 
development of AD and the progression into the 
atopic march, these mutations are not exclusively 
a problem in the atopic syndrome.  FLG  muta-
tions were fi rst found in patients with another 
cutaneous disease, ichthyosis vulgaris (IV). All 
patients with IV have an epithelial barrier defect, 
but in contrast to AD patients, they only have a 
slightly higher specifi c IgE compared to the nor-
mal population [ 15 ]. Furthermore, the epidermis 
in the mouse model of IV is also characterized by 
infl ammation [ 38 ,  39 ]. Moreover, animal research 
on epithelial barrier dysfunction has shown that a 
mechanical disruption of the epithelium results in 
cytokine production and infl ammation [ 37 ]. 

 Nowadays one of the main questions in fi lag-
grin research is in which way can identical muta-
tions in the  FLG  lead to such different phenotypes 
as IV and the atopic syndrome. This question still 
remains unanswered, but the increased penetra-
tion of allergens as well as irritants through the 
epidermal barrier and reduced infl ammatory 
thresholds caused by  FLG  mutations can lead to 
percutaneous priming as well as an increased irri-
tation [ 40 ]. In response to this ingress of aller-
gens or irritants, a T H 2 reaction is provoked. This 
event, which for unknown reasons might not 
occur in IV, may cause sensitization through the 
skin in atopic patients [ 41 ]. This is supported by 
the fi ndings of Thyssen et al. in 2008. They found 
an increased prevalence of  FLG  mutations in 
patients with AD and suggested that these muta-
tions made an individual more susceptible for 
AD caused by environmental infl uences [ 42 ].  

18.7.3     From Cutaneous Sensitization 
to Systemic Allergy 

 Cutaneous sensitization allows allergens to be 
captured and processed by LHC in the epidermis. 
These LHC migrate to the draining lymph nodes, 
in which they can interact with naive T cells to 
initiate T H 2 immunity against these topical 
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applied allergens. In this manner, it is suspected 
that systemic sensitization to both aeroallergens 
and food allergens can occur in atopic patients 
[ 32 ,  43 – 45 ]. 

 Although mechanical disruption of the epithe-
lial barrier of the skin in a fi laggrin-defi cient 
mouse model results in infl ammation and 
increased cytokine production, it fails to induce a 
permanent atopic state. As a result of this critical 
fi nding, O’Regan et al. supposed that there has to 
be a link between  FLG  mutations and the T H 2 
polarity of the immune system causing the atopic 
state [ 35 ]. The immune system has to be pro-
grammed to initiate a T H 2-mediated immune 
response rather than no immune response in reac-
tion to allergens in atopic individuals. This mech-
anism does not occur in IV [ 36 ].  

18.7.4     Atopy Patch Testing 
Strengthens Percutaneous 
Priming Hypothesis 

 Sensitization, initiated by percutaneous priming 
of individuals to specifi c allergens, is supported 
by the concept of the atopy patch test (APT). 
Since 1989, this test has been used in patients 
with AD to demonstrate cutaneous delayed-type 
hypersensitivity reactions to inhalation allergens 
when topically applied [ 46 ,  47 ]. During APT, 
allergens, known to induce a strong IgE-mediated 
allergic reaction, are applied to the skin in the 
same manner as epicutaneous patch tests for 
allergic contact dermatitis. Frequently used aller-
gens are house dust mite, cat dander, and grass 
and birch pollen but also food allergens. These 
topically applied allergens can elicit eczematous 
skin reactions in about 50 % of all atopic indi-
viduals, confi rming their atopic state [ 48 ,  49 ]. 

 Although atopy patch tests have never been 
used solely as a diagnostic tool and are consid-
ered controversial in the United States, they can 
prove the clinical relevance of a sensitization. 
A positive reaction to an allergen in the APT 
could make the diagnosis of AR more plausible, 
if the results are combined with a positive spe-
cifi c IgE against this specifi c allergen [ 49 ,  50 ]. 
Fuiano et al. demonstrated that individuals with 

 respiratory symptoms and current or past AD 
had signifi cantly more positive APT compared 
to individuals with respiratory symptoms and no 
current or past AD [ 51 ]. However, the test condi-
tions in APT are far from physiological; concen-
trations of the causative allergen are up to 10,000 
times higher, and it is unlikely that airborne aller-
gens penetrate the stratum corneum [ 52 ].  

18.7.5     Filaggrin Null Mutations 
and Peanut Allergy 

 Another phenomenon that enhances plausibility 
of sensitization through percutaneous priming 
is the association between  FLG  mutations and 
peanut allergy. Peanut allergy is a strongly heri-
table allergy that can cause dangerous anaphy-
laxis. The prevalence of this allergy in children 
is between 1.2 and 1.6 % [ 53 ]. In 72–81 % of all 
presentations of peanut allergy, it looked as if it 
occurred at the fi rst exposure to peanut allergens. 
This extremely high percentage suggests unper-
ceived previous priming to peanut allergens. 
A probable cause is sensitization through cuta-
neous exposure, as is described in rodents [ 44 ]. 
This exposure can be caused by the use of peanut 
oil ( Arachis  oil) in emollients, as frequently pre-
scribed in AD, but also by cutaneous contact with 
peanut-eating family members in households 
where large quantities of peanuts are consumed 
[ 54 ,  55 ]. 

 The association between peanut allergy and 
 FLG  mutations has recently been shown by 
Brown et al. [ 56 ]. In their article, a highly signifi -
cant association was described in four different 
populations, Dutch, English, Irish, and Canadian 
(OR, 5.3; 95 % CI, 2.8–10.2;  P  = 3.0 × 10 −6 ). After 
correcting for AD, this link still remained signifi -
cant (OR, 3.8; 95 % CI, 1.7–8.3;  P  = 1.0 × 10 −4 ).  

18.7.6     Oral Tolerance 

 A low dose of peanut allergens exposed to the 
skin could cause allergic sensitization in patients 
with an impaired epithelial barrier, due to  FLG  
mutations, and early onset AD. On the other 
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hand, early oral exposure to peanut-containing 
products prevents sensitization to this specifi c 
allergen. A similar phenomenon called oral toler-
ance has been investigated in nickel allergy as 
well, although this tolerance induction is consid-
ered controversial [ 57 – 59 ]. Oral tolerance seems 
to prevent an individual from developing allergic 
sensitization.  

18.7.7     The Perfect Prevention 
for the Onset of Allergic 
Rhinitis 

 One can conclude that the diminished epithelial 
barrier in AD, caused by  FLG  mutations, predis-
poses an individual to sensitization through the 
skin. This cutaneous sensitization can lead to sys-
temic allergies and will initiate the atopic march. 
However, this progression to AR is only present 
in patients who had eczema. Therefore, one can 
state that asthma and AR are both secondary 
events caused by an epithelial barrier defect of 
the skin in eczema patients combined with a T H 2 
polarity of the immune system. 

 The main allergens causing symptoms in AR 
are pollen, house dust mite, and cat dander. These 
allergens provide a positive APT reaction in atopic 
individuals, indicating an individual’s sensitiza-
tion. Oral tolerance has proven to be an effec-
tive tool to prevent systemic peanut and possibly 
nickel allergies by administration of a low dose of 
allergens to unsensitized persons who are at risk 
of developing systemic allergies. Presumably the 
same mechanism is applicable to the prevention of 
allergies to aeroallergens causing AR. Oral expo-
sure to a low dose of these allergens at a young age 
could prevent or at least reduce the development 
of systemic sensitization and the progression of 
an atopic march into AR. This probably effective 
prevention of sensitization has to be investigated 
in order to make it applicable in a clinical setting. 

 Although oral tolerance seems a promising 
tool to prevent the progression into an atopic 
march, the diminished skin barrier, caused by a 
lack of fi laggrin, should be restored using emol-
lients, to preclude allergic sensitization and other 
atopic diseases like AR.      
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19.1            Introduction 

 With the description of the fi laggrin gene ( FLG ) 
and its role in skin barrier function, interest has 
recently turned to whether fi laggrin may play a 
role in the integrity of other epithelial barriers 
including the gastrointestinal tract. The role of 
eczema in the development of food sensitization, 
the fi rst step on the atopic march pathway, could, 
in theory, be genetically linked by a common 
pathway such as skin barrier function in which 
fi laggrin is a key player. Furthermore, since 
eczema and food allergy commonly co-associate 
in early infancy, there has been recent interest in 
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whether  FLG  mutations are associated with an 
increased risk of food allergy over and above that 
of eczema. This chapter aims to provide emerg-
ing evidence for the role of fi laggrin in the devel-
opment of food sensitization and potentially food 
allergy and the atopic march in early infancy.  

19.2     What Is Food Allergy 
and Is It on the Rise? 

 Food allergy is an adverse reaction to food due to 
intolerance mediated by an immunological 
mechanism, while food intolerance is the non- 
immunological form [ 1 ,  2 ]. The most dangerous 
type of adverse food reaction is the IgE-mediated 
food allergy, which is initiated by an impairment 
of normal oral tolerance to food in allergy- 
predisposed (atopic) individuals [ 1 ]. 

 The prevalence of infantile food allergy may be 
higher than previously thought. A recent random-
ized, cross-sectional survey in the United States 
reported food allergy prevalence in children of 
8.0 %, with nearly a third of the food- allergic chil-
dren having multiple food allergies [ 3 ]. Australia 
has recently reported the highest rates with more 
than 10 % of 1-year-old infants having challenge-
proven IgE-mediated food allergy in the Melbourne 
population, the largest, most southern city [ 4 ]. 

 As the rise in allergic disease and anaphy-
laxis has occurred more rapidly than changes 
to the genome can occur and because allergic 
disease appears signifi cantly more prevalent in 
“Westernized countries,” it has been hypoth-
esized that factors associated with progressive 
lifestyle changes within affected regions are 
responsible for the changes in prevalence. The 
current most popular candidate lifestyle factors 
associated with the allergy epidemic include 
declining microbial exposure [ 5 ], increased pro- 
infl ammatory modern diet [ 6 ], and inhaled pol-
lutants associated with motor vehicles and the 
rise in traffi c. Although clear and progressive 
changes in these factors have been long impli-
cated in the rise of asthma and inhalant sensi-
tization, they have not yet been proven to be 
causative possibly because of the multifactorial 
aspect of lifestyle risk factors. Furthermore, food 

allergy continues to rise, as asthma reaches a 
plateau and even enters a decline in highly west-
ernized regions [ 7 ], suggesting that different risk 
factors are at play. Additional factors implicated 
specifi cally in the rise of food allergy in addition 
to the “hygiene hypothesis” [ 8 ] and “old friend 
hypothesis” include changes to infant-feeding 
practices [ 9 ] as well as vitamin D insuffi ciency 
[ 10 ]. The potential genetic, epigenetic, and envi-
ronmental factors contributing to an increase in 
IgE- mediated food allergy, in prenatal, perinatal, 
and postnatal phases is depicted in Fig.  19.1  [ 11 ].

   Because food allergy is more common in devel-
oped than in developing countries and migrants 
seem to acquire the incident risk of allergy of their 
adopted country, it seems likely that the cause of 
the rise is linked to the “modern lifestyle.” Although 
environmental factors, including those associated 
with the hygiene hypothesis and dietary factors, 
have been found to be associated with the develop-
ment of eczema and atopy, there has been little 
investigation into whether they may also play a role 
in the development of food allergy. In addition to 
factors previously linked to allergic disease in gen-
eral, there may well be some factors that are spe-
cifi c to food allergy. These might include changing 
methods of food manufacturing and preparation, 
advent of widespread use of antacids and proton 
pump inhibitors, use of medicinal creams contain-
ing food allergens, or later introduction of aller-
genic foods into the diet of infants [ 12 ]. 

 Although it is considered that environmental 
rather than genetic factors play a major role in the 
apparent rise in food allergy [ 13 ,  14 ], it is important 
to understand underlying genetic risk factors in order 
to both optimize targeting of high-risk groups for 
prevention and also to further understand gene–envi-
ronment interactions that might be important con-
tributory risk factors for food allergy development.  

19.3     The Role of Genetics in Food 
Allergy Development 

 Although the rise in food allergy prevalence can-
not be explained by genetic factors alone, there is 
strong evidence that susceptibility to food allergy 
is at least partly determined by genetics. Twin 
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studies have shown that the concordance rate for 
peanut allergy was much higher among monozy-
gotic (64.3 %) than dizygotic (6.8 %;  P  < 0.0001) 
twin pairs [ 15 ]. However, a recent study of famil-
ial aggregation observed the heritability of com-
mon food allergies (sesame, peanut, wheat, milk, 
egg white, soy, walnut, shrimp, and codfi sh) to be 
between 0.15 and 0.35, suggesting that genetic 
factors are not as important as other factors, such 
as environmental exposures, in the development 
of food allergies. Eczema and food allergy seem 
to be closely linked, with eczematous infants 
having a greatly increased risk of food allergy 
[ 16 ]. There is increasing interest in the role of 
loss-of-function mutations in the  FLG , which 
lead to defects in skin barrier permeability, in the 

pathogenesis of eczema. Null mutations (R501X 
and 2282del4) in the  FLG  are associated with an 
increased susceptibility to eczema [ 17 ]. 
Individuals with two null alleles in the  FLG  have 
been shown to be four to seven times more likely 
to have eczema than those without [ 18 ]. One 
recent case-control study investigated whether 
 FLG  mutations were also associated with peanut 
allergy, reporting that those with peanut allergy 
were around fi ve times more likely to have  FLG  
loss-of-function mutations [ 19 ]. This result, 
along with previous studies suggesting that pea-
nut sensitization may occur through damaged 
skin [ 20 – 22 ], indicates that epithelial barrier dys-
function may play a role in the pathogenesis of 
peanut allergy. 
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  Fig. 19.1    The potential genetic, epigenetic, and environ-
mental factors contributing to an increase in IgE-mediated 
food allergy in prenatal, perinatal, and postnatal phases. 
Genetic factors or family history of atopy, parental age, 
and maternal exposure to antibiotics, probiotics, supple-
mentary food, food allergens, and smoking may act at the 
prenatal stage. Epigenetic modifi cation may play a role 

during prenatal and perinatal periods, while breastfeeding 
starting at the perinatal stage and infant’s dietary factors 
and exposure to sunlight, environmental pollutants, and 
factors related to the hygiene hypothesis may have an 
effect on food allergy development at the postnatal stage 
(Reprinted from Tan et al. [ 11 ], with permission from 
John Wiley and Sons)       
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 There is evidence that Asian populations may be 
more susceptible to allergic disease when living in 
“Westernized” environments [ 23 ,  24 ]. Earlier stud-
ies of respiratory disease observed that both allergic 
symptoms and sensitization were more common in 
Asian Australians than in non-Asian Australians 
[ 23 ]. Rates were also higher in Australian-born 
Asians than in Asian immigrants, with the preva-
lence increasing with length of stay in Australia 
[ 23 ]. Recently, the    HealthNuts study (2011) found a 
higher rate of food-sensitized eczema among chil-
dren of Asian descent [ 25 ]. Interestingly, on exami-
nation of risk factors for eczema development 
(a losely associated infantile allergic disease), the 
study found that Asian children were not only more 
likely to have eczema than their non-Asian counter-
parts but that their parents were less likely to have 
allergic disease than non-Asian parents. This was 
particularly so for Asian parents, who had migrated 
to Australia less than 5 years previously, suggesting 
a strong gene–environment interaction even over 
and above that of a migrational generational effect 
[ 26 ]. More recent studies have similarly noted that 
nonwhite races are more susceptible to food allergy. 
In the United States, the 2007 National Health 
Interview Survey found that non-Hispanic children 
had higher rates of reported food allergy compared 
with Hispanic children [ 27 ]. Asian populations in 
particular are also highly susceptible to food allergy 
[ 24 ], suggesting a strong genetic propensity that is 
amplifi ed by a Western environment. This is consis-
tent with earlier work indicating evolutionary dif-
ferences in genetic polymorphisms affecting 
candidate genes [ 28 ].  

19.4     Why Look at the  FLG  in the 
Role of Non-cutaneous 
Diseases Including Food 
Allergy? 

 Eczema is thought to be the starting point for the 
“atopic march” [ 29 ], a term used to describe the 
progression from eczema and food allergies to 
asthma and allergic rhinitis. The mechanism by 
which allergic diseases progress, however, is not 
well understood, although it is thought to involve 
both genetic and environmental factors, with 

 potentially a differential effect of risk factors on 
those with a family history of allergic disease ver-
sus those without family history of allergic disease. 
Since eczema often coexists with food allergy 
[ 16 ,  26 ,  30 ] and  FLG  null mutations are the most 
common and widely replicated genetic risk factors 
for eczema [ 31 ],  FLG  null mutations also provide a 
possible mechanistic pathway through which other 
allergic disorders may progress. The fi laggrin pro-
tein plays an important role in maintaining skin 
barrier function, and it has been hypothesized that 
an  FLG  null mutation- induced defective skin bar-
rier may be a route via which an individual can 
become sensitized [ 32 ]. In addition, skin infl am-
mation that is usually characterized by upregula-
tion of pro- infl ammatory cytokines like IL-4, 
IL-13, IL-17, and IL-22 may downregulate fi lag-
grin expression and degrade fi laggrin [ 33 – 36 ].  

19.5     What Would Be the 
Biological Plausibility 
for the Role of the  FLG  
in Food Allergy or Food 
Sensitization Development? 

 It has been hypothesized that sensitization to envi-
ronmental allergens may occur at the skin, while 
tolerance occurs via the gastrointestinal tract [ 32 ]. 
Since fi laggrin defects can cause skin barrier 
impairment and impaired skin barrier may increase 
the risk of an individual being sensitized via cuta-
neous exposure, fi laggrin defects may be a risk 
for food sensitization. Some studies have shown 
that  FLG  mutations increase the risk of total IgE 
levels or allergic sensitization (defi ned as the pres-
ence of specifi c IgE antibodies against common 
aeroallergens or food allergens) in the presence 
of eczema [ 18 ,  37 – 39 ]. The aeroallergens studied 
include grass, birch pollen, cat dander, dog, house 
dust mite, and mold. Marenholz et al. [ 18 ] included 
food allergens of egg, milk, wheat, and soy, while 
Morar et al. [ 38 ] also included egg white and cow’s 
milk.  FLG  mutations were later found to confer an 
increased risk for allergic sensitization indepen-
dently of eczema, as measured by skin prick tests to 
six aeroallergens ( Dermatophagoides pteronyssinus  
(European house dust mite),  Dermatophagoides 
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farinae  (American house dust mite),  Alternaria 
tenuis  (fungus), cat dander, mixed grass, and tree 
pollen), in a population study of schoolchildren 
in Germany with an odds ratio of 1.46 (95 % CI, 
1.07–1.99) after adjusting for eczema [ 40 ]. Meta- 
analysis showed that the odds of developing allergic 
sensitization were 1.91 (95 % CI, 1.44–2.54) in the 
family studies and 1.57 (95 % CI, 1.20–2.07) in the 
case-control studies [ 41 ]. 

 Besides the skin, fi laggrin immune reactivity 
has been observed in orthokeratinized and parake-
ratinized areas of human oral epithelium (hard pal-
ate, buccal mucosa) and the conjunctiva [ 42 – 44 ]. 
However, immunohistochemical staining showed 
that it is absent in the upper and lower airway or 
esophageal epithelium [ 45 ,  46 ]. It remains to be 
elucidated at what point in the transition from oral 
to nasal cavity fi laggrin immune reactivity is lost 
and the extent to which fi laggrin is expressed in 
these areas [ 46 ]. More recently, fi laggrin mRNA 
expression assessed by real-time PCR showed that 
it was downregulated 16-fold in esophageal biop-
sies of eosinophilic esophagitis patients compared 
with normal individuals [ 47 ], suggesting there is 
fi laggrin expression in esophagus. 

 This suggests that disturbance of barrier func-
tion in the oral cavity may be the route of sensiti-
zation to food allergens, and it is possible that  FLG  
mutations may indirectly play a role in the devel-
opment of atopic disorders in distant organs [ 33 ]. 
It has also been proposed that increased allergen 
and pathogen penetration through the stratum cor-
neum, followed by stimulation of keratinocyte-
derived thymic stromal lymphopoietin (TSLP), an 
interleukin-7-like cytokine, in infl amed epidermis 
may lead to distal effects in the lung [ 48 ].  

19.6     What Is the Evidence That 
the  FLG  Might Be Involved in 
Food Allergy Development? 

 The association between  FLG  mutations and food 
allergy has not been as well studied as for other 
allergic conditions. A study by Van Limbergen 
et al. found a 4.5-fold increased risk of food 
allergy in carriers of  FLG  mutations (R501X and 
2282del4) in a cohort of children with pediatric 

infl ammatory bowel disease (IBD) susceptibility 
and coexistent atopy (median age 11.3 years) 
[ 49 ]. The food allergy status was parent reported, 
and food sensitization status was unknown. Skin 
prick tests, food challenges, and specifi c IgE 
assays were not performed as food allergy was not 
part of the original study protocol [ 49 ]. 

 Recently, a multisite case-control study of pea-
nut allergy found that  FLG  null mutations (R501X 
and 2282del4) were associated with a signifi -
cantly increased risk of peanut allergy with an 
overall odds ratio of 5.3 and a residual odds ratio 
of 3.8 when corrected for eczema [ 19 ]. Seventy-
one English, Dutch, and Irish oral food chal-
lenged-positive patients with peanut allergy were 
compared to 1,000 non-peanut-sensitized English 
population controls. Additionally, 100 Dutch pop-
ulation control samples were obtained from adult 
blood donors, and 100 Irish adults population 
controls were obtained from a population- based 
biobank. The age of the participants in the study 
by Brown et al. was variable. English cases and 
controls were recruited from a birth cohort that 
was followed up for at least 7 years, but the time 
point of food challenge was not reported, while 
the age range for the Dutch and Irish patients was 
from 3 to 14 years (mean 7.5 years) and from 1 to 
18 years (mean 10.5 years), respectively. 

 Since food sensitization must occur prior to 
the development of food allergy and is present 
concurrently with food allergy, the association 
between  FLG  mutations and peanut allergy in the 
Brown et al. noted above could be due to peanut 
sensitization. However, Brown et al. did not report 
the effect of sensitization on this relationship. In 
addition, eczema, food sensitization, and food 
allergy status were not known for all population 
controls, which undermined the quality of the 
comparison with a control group. Furthermore, 
only peanut status was assessed in their study, 
while egg allergy and cow’s milk allergy are more 
prevalent in young infants [ 4 ,  50 ]. 

 Another study reported that  FLG  null muta-
tions (R501X or 2282del4) were signifi cantly 
associated with self-reported food allergy and 
alcohol sensitivity, but not with oral allergy syn-
drome (OAS), supporting the role of skin barrier 
functions in the development of food allergy [ 51 ].  
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19.7     What Is the Evidence That 
It Has a Role in Food 
Sensitization But Not Food 
Allergy? 

 Using data from a population-based food allergy 
cohort of 1-year-old infants, the HealthNuts 
study assessed the relationship between  FLG  
mutations, food sensitization, and food allergy 
with a view to more carefully dissecting the role 
of fi laggrin in this step of the atopic march. With 
the availability of age-matched negative controls, 
food-sensitized tolerant, and food-sensitized 
allergic participants, all of whom underwent skin 
prick testing and food challenges to several major 
food allergens and were examined for eczema, 
the study was able to specifi cally investigate 
whether  FLG  mutations increased the risk of 
food allergy over and above the risk of food 
sensitization. 

 HealthNuts is a single-center, population- 
based, cross-sectional study of food allergy in 
1-year-old infants using food challenges to con-
fi rm food allergy in Melbourne, Australia. Overall, 
5,276 infants aged 11–15 months inclusive were 
recruited from council-run immunization ses-
sions across Melbourne, Australia, between June 
2008 and August 2011. Parents or guardians pro-
vided written informed consent and completed a 
detailed questionnaire. Skin prick testing (SPT) to 
four foods including egg white, peanut, sesame, 
and either shrimp or cow’s milk was performed 
by a nurse. All infants with any detectable wheals 
to the foods greater than negative control were 
invited to attend the study clinic for repeat SPT 
to the same four foods as well as to an extended 
panel of food allergens: egg white, peanut, 
sesame, shrimp, cow’s milk, cashew, almond, 
hazelnut, soy, and wheat. A formal oral food chal-
lenge (OFC) was offered to all clinic participants 
irrespective of wheal size or history of previous 
ingestion reaction unless the latter was recent 
(reacted in less than 1 month for egg; reacted 
in less than 2 months for peanut and/or sesame) 
and clearly objective (immediate urticaria, angio-
edema, vomiting, or anaphylaxis as per prede-
termined stopping criteria) [ 52 ]. Further random 

samples of community-recruited  participants with 
negative SPT to all four foods were also invited 
for repeat SPT and OFC as negative controls. 
Blood samples were collected from  participants 
who attended the clinic after OFC with the parent 
or guardian’s written consent. 

19.7.1     Association of  FLG  Mutations 
and Food Allergy Among 
Those Food Sensitized 

 Because those with IgE-mediated food allergy 
must have a positive IgE antibody test result, the 
same study analyzed whether having an  FLG  
mutation increased the risk of food allergy over 
and above that of being food sensitized among 
those who were sensitized. Among food- 
sensitized infants, there was no signifi cant dif-
ference in  FLG  mutations when comparing 
food-tolerant infants with those with food 
allergy (OR, 0.7; 95 % CI, 0.3–1.7;  p  = 0.478; 
Table  19.1 ) [ 53 ].

   In order to assess whether infants recruited 
without a screening SPT to cow’s milk might 
have infl uenced the association, a sensitivity 
analysis on a subset of participants recruited after 
introducing cow’s milk SPT screening in the 
community was undertaken. This sensitivity 
analysis showed stronger associations with food 
sensitization and food allergy, but  FLG  mutations 
still did not further increase the risk of food 
allergy over food sensitization, which is in con-
cordance with the above fi ndings. Specifi c analy-
ses by individual foods are described below.  

19.7.2     Egg Sensitization and Egg 
Allergy 

 When analyzing food-specifi c sensitization,  FLG  
mutations were signifi cantly associated with hav-
ing any egg sensitization (aOR, 3.1, 95 % CI, 
1.0–9.0;  p  = 0.042) and any egg allergy (aOR, 
3.0; 95 % CI, 1.0–9.1;  p  = 0.046). However, 
when the association with egg allergy was fur-
ther analyzed among egg-sensitized infants,  FLG  
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 mutations were not associated with an increased 
risk of egg allergy among egg-sensitized infants 
(OR, 0.8; 95 % CI, 0.3–2.0;  p  = 0.645). Again, 
 FLG  mutations showed stronger association with 
the egg-sensitized but tolerant group (aOR, 4.4; 
95 % CI, 1.1–17.2;  p  = 0.034).  

19.7.3     Peanut Sensitization 
and Peanut Allergy 

 There was a trend towards association of  FLG  
mutations with having any peanut sensitization 
after adjusting for eczema (aOR, 3.0 95 % CI, 
0.9–9.6;  p  = 0.060) but not with any peanut 
allergy (aOR, 1.8; 95 % CI, 0.5–7.0;  p  = 0.383). 
The association with peanut sensitized but toler-
ant was signifi cant (aOR, 4.9; 95 % CI, 1.4–17.0; 
 p  = 0.011), where peanut-allergic participants 
were excluded from this group. Among peanut- 
sensitized infants, there was no signifi cant differ-
ence in  FLG  mutations when comparing 
peanut-tolerant infants to peanut-allergic infants 
(OR, 0.5 95 % CI, 0.2–1.3;  p  = 0.140).  

19.7.4     Sesame Sensitization 
and Sesame Allergy 

  FLG  mutations were not associated with having any 
sesame sensitization (aOR, 2.1, 95 % CI, 0.4–10.4; 
 p  = 0.385), but there was a trend for association with 
sesame-sensitized but tolerant group, although the 
association was not statistically signifi cant (aOR, 
4.5; 95 % CI, 0.8–24.2;  p  = 0.082).  FLG  mutations 
were not associated with having any sesame allergy 
(OR, 1.1; 95 % CI, 0.1–9.9;  p  = 0.932) (this analysis 
could not be adjusted for eczema because all infants 
with sesame allergy had eczema). Among sesame- 
sensitized infants, there was no signifi cant differ-
ence in  FLG  mutations when comparing 
sesame-tolerant infants to sesame-allergic infants 
(OR, 0.3 95 % CI, 0.0–2.9;  p  = 0.278).  

19.7.5     Cow’s Milk Allergy 

 Cow’s milk sensitization and allergy are of great 
interest to many as cow’s milk is one of the major 
food allergens in infants. The data on cow’s milk 

   Table 19.1    Number of carriers of  FLG  mutations in negative controls, food sensitized, food sensitized but tolerant, 
and food sensitized and allergic infants   

 Group a  
 Negative control 
( N  = 126) 

 Any food 
sensitization 
( N  = 428) 

 Food sensitized but 
tolerant b  ( N  = 45) 

 Food sensitized 
and allergic b  
( N  = 321) 

 No  FLG  mutation   n  (%)  121 (96.0)  374 (87.4)  38 (84.4)  283 (88.2) 
  FLG  mutation   n  (%)  5 (4.0)  54 (12.6)  7 (15.6)  38 (11.8) 
 Comparing 
negative control to 
other groups 

 OR (95 % CI)  1.0 (reference)  3.5 (1.4–8.9)  4.5 (1.3–14.9)  3.2 (1.2–8.5) 
  p -value  –  0.009  0.015  0.016 
 Adjusted c  OR 
(95 % CI) 

 1.0 (reference)  3.0 (1.0–8.7)  5.0 (1.4–18.6)  2.9 (1.0–8.6) 

 Adjusted c   p -value  –  0.043  0.015  0.055 

 Comparing food 
sensitized but 
tolerant to food 
allergic 

 OR (95 % CI)  1.0 (reference)  0.7 (0.3–1.7) 
  p -value  –  0.478 

  Reprinted from Tan et al. [ 53 ], with permission from Elsevier 
  a Infants with detectable wheal size during recruitment but had SPT < 2 mm in study clinic and infants invited to partici-
pate as negative control (no wheal size during recruitment) but had detectable wheal size in study clinic were excluded 
from the analysis ( n  = 146) 
  b These groups are subgroups of “any food sensitization” group. All “food sensitized but tolerant” infants were challenge- 
confi rmed. Infants with SPT ≥ 2 mm to any of the ten foods tested who did not have OFC outcome (inconclusive or OFC 
not offered for the seven other foods and SPT <8 mm) were excluded from “food sensitized but tolerant” group ( n  = 62) 
  c Adjusted for presence of eczema  
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sensitization and allergy were included in the food-
sensitized and food-allergic groups. Ethics approval 
was not granted for cow’s milk OFC as part of the 
original study design, and screening SPT for cow’s 
milk during recruitment was only performed on the 
participants recruited mid- study after approval was 
obtained. Those with cow’s milk SPT ≥ 8 mm mea-
sured in clinic were categorized as allergic ( n  = 3). 
Since the numbers were too small to be suffi ciently 
powered for separate analysis, they were analyzed 
with other foods collectively. 

 Among those who came into the clinic, the 
number of cow’s milk-sensitized infants that had 
egg sensitization was 67/76 (88.2 %), showing a 
high rate of overlap between these two conditions 
and therefore a high pickup rate of cow’s milk 
sensitization from participants recruited into the 
clinic with egg SPT. However, some cases would 
have been missed from being recruited since 
cow’s milk SPT was not available during recruit-
ment screening in the fi rst half of the study. 
Therefore, a sensitivity analysis on a subset (sec-
ond half of the study from which population data 
for both egg and cow’s milk sensitization are 
available) of participants recruited after intro-
ducing cow’s milk SPT screening in the com-
munity was undertaken to assess whether infants 
recruited without a screening SPT to cow’s milk 
might have infl uenced the association. This sen-
sitivity analysis showed statistically signifi cant 
association with food allergy; however, further 
analyses on the data showed that among those 
who were already food-sensitized, there was no 
association between  FLG  mutations and food 
allergy when compared to those who were food- 
sensitized but tolerant, consistent with the unre-
stricted analysis. 

 Taken together, these results suggest that 
 FLG  mutations may predispose to the develop-
ment of food sensitization but additional factors 
are required to convert from clinically asymp-
tomatic food sensitization to food allergy, and 
 FLG  mutations do not play a role in this conver-
sion. Food- specifi c analysis    for egg, peanut, and 
sesame showed similar trends of association as 
all foods tested combined; where after adjust-
ing for eczema, there were signifi cant asso-
ciations between having a  FLG  mutation and 

egg- sensitized but tolerant and peanut-sensitized 
but tolerant groups, while there was a similar 
trend, although not statistically signifi cant, for 
the sesame- sensitized but tolerant group, prob-
ably due to lack of statistical power. In all the 
food- specifi c analysis,  FLG  mutations did not 
further increase the risk of the specifi c food 
allergy among those sensitized. 

 The HealthNuts study was unique in that 
it was able to examine challenge-proven food 
allergy within a group of food sensitized (to the 
four major allergens) individuals and was able to 
specifi cally investigate whether  FLG  mutations 
increase the risk of food allergy over and above 
the risk of food sensitization. Using a case- control 
study design, Brown et al. previously identifi ed 
that  FLG  mutations confer an increased risk of 
peanut allergy [ 19 ]. However, they were unable 
to interrogate the effect of sensitization on this 
relationship, as there was no comparison group 
of sensitized tolerant participants. In addition, 
in the study by Brown et al., not all eczema, 
food sensitization, and food allergy status data 
were available for population controls, which 
undermined the quality of the comparison with 
a control group. The age of participants in the 
study by Brown et al. was variable: the English 
patients and controls were recruited from a birth 
cohort that was followed up for at least 7 years 
but the time point of food challenge was not 
reported, while the age range for the Dutch and 
Irish patients were from 3 to 14 years (mean 7.5 
years) and from 1 to 18 years (mean 10.5 years), 
respectively. Furthermore, only peanut status 
was assessed in their study, and it is not known 
whether the patients have multiple food sensitiza-
tion or allergy such as egg allergy, which occurs 
more commonly in infants than peanut allergy. 

 One of the limitations of the HealthNuts 
study is potential participation bias among nega-
tive controls as a higher than expected number 
of participants that volunteered as negative con-
trols had an immediate family history of asthma, 
eczema, hay fever, or food allergy. However, the 
selection of negative controls at high risk of aller-
gic disease may in fact strengthen the fi ndings as 
those with a family history of allergic disease 
could be expected to have a higher prevalence 
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of  FLG  mutations than the general population 
(i.e., such a bias would be more likely to create a 
false- negative than a false-positive association). 
Despite this,  FLG  mutations were still more 
common in the food-sensitized and food-allergic 
groups compared with negative controls. 

 Another limitation is the young age of the chil-
dren in the HealthNuts study. It is possible that some 
children might develop food allergy as they get 
older and this study, by looking at only 1-year-olds, 
might be missing a stronger association that would 
appear with time. However, most childhood food 
allergy is early onset at the time of fi rst exposure. 
Since all children at risk of food allergy received a 
formal oral food challenge, it is highly likely that 
the HealthNuts data uncovered the majority of clini-
cally relevant food allergy phenotypes. 

 A very recent study on Japanese infants 
( n  = 116) supported the role of  FLG  mutations in 
food sensitization, where common  FLG  variants 
in the Japanese population (R501X, 3321delA, 
S1695X, Q1701X, S2554X, S2889X, S3296X, 
and K4022X) were associated with having any 
food sensitization to egg white, cow’s milk, 
wheat, soybean, and/or peanut ( p  = 0.039) [ 54 ]. In 
addition, this study also found that a minor allele 
of rs1933064, a single nucleotide polymorphism 
near  FLG , is protective for food sensitization 
independently of atopic eczema, although how 
this works remains unknown [ 54 ].   

19.8     What Is the Potential 
Biological Role of the  FLG  
Playing in Food Allergy 
Development? 

 Skin barrier impairment measured based on 
transepidermal water loss (TEWL) can precede 
clinical manifestation of eczema in infants, 
as elevated TEWL was previously reported in 
 FLG  mutation carriers unaffected by eczema in 
3-month-old infants [ 55 ]. Therefore,  FLG  muta-
tions might increase the risk of food sensitization 
through impaired skin barrier function caused by 
fi laggrin defi ciency regardless of eczema status. 
This also supports the hypothesis that sensitiza-
tion to food allergen can occur through the skin, 

but not  necessarily through infl amed skin [ 32 ] 
(Fig.  19.2 ). In addition, sensitization has been 
found to precede the development of eczema in 
some infants, while eczema precedes the devel-
opment of sensitization in others [ 56 ].

   The HealthNuts work above supports Lack’s 
hypothesis that there could be a different patho-
genesis for food sensitization and food allergy. 
That is, the epidermal barrier dysfunction due to 
fi laggrin defi ciency might cause food sensitiza-
tion regardless of clinical eczema status, but 
fi laggrin- induced skin barrier dysfunction might 
not play a further role in the progression to food 
allergy from sensitization. These results therefore 
suggest that although fi laggrin defi ciency might 
provide a mechanism for the development of sen-
sitization, a second factor (or factors), either envi-
ronmental or genetic (or both), is important for 
converting food-sensitized infants to food-allergic 
status. There are many potential interactions 
between genes and environmental factors, includ-
ing the role of epigenetics, which studies how 
environmental factors affect gene expression that 
may shed light on the development of food allergy. 
Further research into understanding the develop-
ment of food allergy or food tolerance could also 
focus on other factors such as those that regulate 
immune cells or gut permeability.  

19.9     What Is the Evidence That 
Epigenetic Changes in the 
 FLG  Might Be Important in 
the Development of Food 
Allergy? 

 Environmental factors with a long-lasting impact 
on phenotype expression are likely to occur through 
epigenetic changes to the genome [ 57 ]. Epigenetics 
refers to the “structural adaptations of chromo-
somal regions so as to register, signal, or perpetuate 
altered activity states” [ 58 ]. Epigenetic mechanisms 
regulate gene expression changes accompanying 
cell differentiation and represent a major mecha-
nism underpinning the majority of environmen-
tally mediated changes to gene expression. The 
epigenome can change and adapt to environmental 
stimuli over a  relatively short timescale and is also 
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subject to epigenetic “drift” over the life course in 
response to both environmental and stochastic fac-
tors [ 59 ]. Epigenetic alterations can infl uence gene 
expression differentially throughout the lifespan as 
they are believed to occur not only prenatally or 
shortly after birth but also during later developmen-
tal periods. This may help to explain later disease 
development associated with early exposure [ 60 ]. 

 Mounting evidence suggests that early devel-
opment (in utero and early postnatal) represents 
an especially sensitive time for epigenetic disrup-
tion [ 58 ]. One of the most studied maternal envi-
ronments with regard to epigenetics is diet, which 
may be an important factor in the development of 
food allergy. There is now evidence that nutrition 
is an important environmental modifi er of methyl-
ation. Low methionine intake leads to changes in 
methylation in mice and humans, while increased 
consumption of folic acid, vitamin B12, choline, 
and betaine during pregnancy has been shown to 
increase methylation in mice offspring, affecting 
the expression of a coat color gene [ 61 ]. Besides 

methyl donors, other dietary factors like polyphe-
nols, isothiocyanates, genistein, selenium, and 
butyrate, which mediate effects independent of 
folate metabolism, may also infl uence epigen-
etic patterns [ 62 ,  63 ]. Famine during the prenatal 
period leads to methylation changes in the insulin-
like growth factor 2 (IGF2) gene, which persist 
into adulthood [ 64 ]. Methylation is also associ-
ated with smoking [ 65 ,  66 ], another important 
modifi able lifestyle factor. In children exposed 
to maternal smoking in utero, global methyla-
tion levels are decreased [ 67 ], with differences in 
global methylation being associated with the glu-
tathione S-transferase mu 1 (GSTM1) genotype. 

 Unfortunately, there are no studies to date that 
have formally investigated the role of epigenetics 
in food allergy and in particular no investigations 
into the role of epigenetic changes in the  FLG  and 
its impact on allergic disease development. Many 
believe that the disruption of appropriate  allergic 
pathways such as Th cell differentiation (and the 
corresponding cytokine expression profi le) in the 

CUTANEOUS EXPOSURE

ALLERGY TOLERANCE

ORAL EXPOSURE

Skin-draining
lymph nodes

Th2 memory Th1 memory Treg memory

Mesenteric
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IL-4
IL-10IFNγ

TNFα TGFβ
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IL-13

  Fig. 19.2    Dual-allergen-exposure hypothesis for patho-
genesis of food allergy. Tolerance occurs as a result of oral 
exposure to food, and allergic sensitization results from 

cutaneous exposure.  GI  gastrointestinal (Reprinted from 
Lack [ 32 ], with permission from Elsevier)       
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early postnatal period represents an important 
potential pathway to the development of allergy. 
Several studies have demonstrated that DNA meth-
ylation and the resulting changes in chromatin 
structure are the primary regulators of naïve Th cell 
differentiation. At birth, there is a skew towards a 
pro-allergic Th2 profi le with its associated cytokine 
profi le (including IL-4) [ 68 ], but this normally does 
not persist, with increasing differentiation of naive 
Th0 cells down the Th1 lineage (with a concomitant 
increasing expression of IFN-gamma). This is asso-
ciated with an increasing level of methylation of the 
IL-4 gene and loss of methylation at IFN-gamma 
regulatory regions in Th1 cells. Conversely, methyl-
ation of the IFN-gamma gene attenuates transcrip-
tion and is associated with Th2 polarization [ 69 ].  

19.10     The Future 

 In summary,  FLG  mutations increase the risk of 
food sensitization but do not further increase the 
risk of food allergy over and above that of food 
sensitization among 1-year-old infants. However, 
with the high co-manifestation between eczema 
and food sensitization, the independence of the 
association of  FLG  mutations and food sensiti-
zation from the association with eczema could 
not be established. These results support the bio-
logically plausible hypothesis that decreased 
skin barrier function increases the risk of food 
sensitization in early life, but other as yet unde-
termined factors are important in the conversion 
from food sensitization to food allergy. Other 
genomic changes that can affect fi laggrin pro-
duction might also be potential candidates 
involved in the development of food allergy, for 
example, changes to DNA methylation that may 
impact gene expression.     
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20.1            Introduction 

 The study of fi laggrin in dogs (canine fi laggrin) 
began by immunohistochemistry (IHC) staining 
in the stratum granulosum (S. granulosum) of cir-
cumanal glands, identifi ed by a monoclonal anti-
human fi laggrin antibody (Ab) in 1998 [ 1 ]. Since 
then, there have been no publications on canine 
fi laggrin until the “boom” of fi laggrin gene 
( FLG ) studies in humans following the discovery 
of  FLG  mutations association with human atopic 
dermatitis (HAD) [ 2 ]. HAD shares several fea-
tures with the second most common skin disease 
in dog, canine atopic dermatitis (CAD). CAD is a 
“genetically predisposed infl ammatory and pru-
ritic allergic skin disease with characteristic clin-
ical features associated with IgE Abs most 
commonly directed against environmental aller-
gens” [ 3 ]; approximately 10 % of the canine pop-
ulation is affected [ 4 ]. CAD and HAD have many 
analogous aspects such as young age of onset 
(1–3 years in dogs and <1–5 years in humans) 
and affected skin areas on the face and in the skin 
folds, as well as acute and chronic skin lesions 
with secondary infection [ 5 ,  6 ]. In addition, the 
emergence of the predicted  cFLG  sequence in 
canine genome database (canFam2 May 2005) 
makes the study of  cFLG  for the gene mutation 
and gene expression at the mRNA and protein 
levels of great interest. 

 In this chapter, we will discuss the predicted 
canine  FLG  ( cFLG ) and protein structures in 
dogs and compare them with those reported in 
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humans ( hFLG ) and mice  FLG  ( mFLG ). 
Filaggrin expression at the mRNA and protein 
levels in normal dogs, dogs with CAD, and dogs 
with  FLG  mutations and CAD will be reviewed. 
In addition, the challenge of studying fi laggrin in 
dogs, such as breed effects and the uncertain 
annotation of  FLG,  will be included.  

20.2     Canine Filaggrin Gene and 
Protein Structures 

 From the open access draft Ensembl canine 
genome database (CGD), Canis_familiaris 
LATESTGP genome database [ 7 ], which is based 
on the whole genome shotgun (WGS) assembly 
canFam2, May 2005 [ 8 ], the canine  FLG  
sequence (ENSCAFG00000023034) was pre-
dicted to be on chromosome 17 at locations 
64,270,430–64,305,299 (34,870 bp). The latest 
work of  FLG  structure was performed by Kanda 
et al. [ 9 ]. Based on the same WGS assembly can-
Fam2, the  FLG  structure was annotated to consist 
of three exons. Exon 1 is a noncoding exon simi-
lar to those of humans and mice. Exons 2 and 3 
consist of 138 and 8,508 bp, respectively. Four 
units of the  FLG  repeat regions, existing on exon 
3, are fl anked by two incomplete repeats 

(Fig.  20.1 ) [ 9 ]. We manually realigned a part of 
the sequence, and we observed a 126 bp gap that 
did not appear in this CGD. The gap started at 
location 64,297,250 followed by locations 
64,297,125–64,297,249 on chromosome 17 
(Fig.  20.2 ) [ 10 ]. The gap was fi nally found in the 
latest canFam3 with 100 % homology at the loca-
tions 61,219,675–61,219,800, which is in the 
 FLG2  (ENSCAFT00000049887).

    For the protein sequence, canine pro-fi laggrin 
was predicted to consist of 2,882 amino acids 
with three complete fi laggrin monomers (549 
amino acids or 59 kDa) and one incomplete unit 
(507 amino acids or 54 kDa), fl anked by trun-
cated monomers (Fig.  20.3 ).

   Using CLUSTAL W 1.81 and SCRATCH pro-
grams [ 11 ,  12 ], we aligned the pro-fi laggrin amino 
acid sequences among different species, and we 
found that approximately 86 amino acids at the 
N-terminal were shown to be highly conserved 
among dogs, humans, mice, and rats with simi-
lar helical structure regions (Fig.  20.4 ). Sequence 
analysis revealed a calcium-binding domain at 
the N-terminal with high homology to the S100 
family of calcium-binding proteins [ 13 ,  14 ]. This 
domain is probably involved in calcium sig-
nal transduction in keratinocyte differentiation 
or in providing calcium to  calcium-dependent 
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  Fig. 20.1    Features of the canine fi laggrin gene ( cFLG ). 
( a ) Deduced structure of  cFLG.  ( b ) The dot-matrix analy-
sis between the canine pro-fi laggrin coding sequence and 

the  FLG  repeat 1 sequence (Adapted with permission 
from Kanda et al. [ 9 ]. © 2013 The Authors. Veterinary 
Dermatology © 2013)       
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enzymes, e.g., peptidylarginine deiminase and 
transglutaminase [ 13 ,  14 ]. The pro-fi laggrin pep-
tide structures of dogs, humans, and mice are 
shown in Table  20.1 .

20.3         Filaggrin Expression 
in Canine Disease 

20.3.1     At the Protein Level 

 A major concern about canine fi laggrin immuno-
logical studies is the Ab, including the specifi city 
of Ab and synthesized peptide antigens that are 

supposed to be the epitopes on a fi laggrin 
sequence. In fact, Ab against canine fi laggrin has 
not yet been well established. Therefore, we will 
mention the type of Ab used in each study and 
suggest that the reader will please use his or her 
own consideration for the validity of the data. At 
the time of writing, two publications on anti- 
canine fi laggrin polyclonal Abs have been pub-
lished. The most conspicuous work of fi laggrin 
immunostaining in normal dogs was revealed by 
Kanda et al. [ 9 ]. This group used a rabbit anti- 
canine fi laggrin Ab, raised against synthetic pep-
tide SRHSRTGHGSGNSKHR, which is located 
in the fi laggrin monomer [ 9 ]. Two bands were 

64,297,250

64,297,250

64,297,125

5'- -3'

64,297,249

64,297,249

a

b

Novel repeated sequence (64297250,6429715-64297249)

GGATGCCCACGGGTGGCCTGCTGTCCTTGGCGTGACCCTGCGTGTCTGGCTCTGTCTCCTGACTGCTCGTGGCGGCTTCCTTGTCTTTCCCTAGTGCTGGATCCCGAGTCTCGGTGGGCAGGGTCA

  Fig. 20.2    Novel repeated sequence of canine  FLG  ( cFLG ). ( a ) Minus strand of  cFLG  (canFam2). ( b ) Nucleotide 
sequence of a new repeat (Reprinted with permission from Suriyaphol et al. [ 10 ]. Copyright © 2013 TJVM)       
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C- terminal
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  Fig. 20.3    Structure of the canine pro-fi laggrin protein (Adapted with permission from Kanda et al. [ 9 ]. © 2013 The 
Authors. Veterinary Dermatology © 2013)       

  Fig. 20.4    Alignment of amino acid sequences of canine 
fi laggrin ( cFLG ), human fi laggrin ( hFLG ), mouse fi lag-
grin ( mFLG ), and rat fi laggrin ( rFLG ) at the N-terminal, 
using CLUSTAL W 1.81 Multiple Sequence Alignment 

program. The secondary structures were predicted using 
SCRATCH program. * shows different regions between 
 cFLG  (no *) and a group of  hFLG ,  mFLG , and  rFLG  
(with *). (.) indicates similar amino acids       
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detected by Western blotting at 54 and 59 kDa, 
corresponding to the sizes of the predicted fi lag-
grin monomer. Inactive pro-fi laggrin is a cyto-
plasmic protein, localized within the keratohyalin 
granules in the S. granulosum. It is proteolyzed to 
active fi laggrin proteins at the S. corneum [ 15 ]. 
From the IHC result, the antibody could bind 
both pro-fi laggrin at the S. granulosum and the 
active fi laggrin at the S. corneum of the dorsal 
neck and axilla (Fig.  20.5 ). The result corre-
sponds to that of human fi laggrin (Fig.  20.6 ) [ 16 ]. 
Active human fi laggrin will form cornifi ed cell 
envelopes with other proteins such as keratin, 
involucrin, etc., and enforce a protective skin bar-
rier [ 15 ].

    We aligned the synthetic peptide and we found 
that it corresponded to amino acid residues 890–905, 
1439–1454, 1967–1982, and 2432–2447 in canine 
pro-fi laggrin sequence (ENSCAFG00000023034). 

 The other group that proposed anti-canine 
fi laggrin Ab was Chervet et al. [ 17 ]. This 
group compared commercially available  rabbit 

anti- mouse fi laggrin polyclonal Ab (Abcam, 
Cambridge, UK) (N-terminal Ab) and rabbit 
 anti- canine fi laggrin polyclonal Ab (C-terminal 
Ab) in immunofl uorescence of non-lesional 

   Table 20.1    Pro-fi laggrin peptide structures of dogs, humans, and mice   

 Species 
 N-terminal region 
(aa) 

 FLG repeat 
unit (aa) 

 Number of FLG 
repeat units 

 C-terminal region 
(aa)  ProFLG (aa) 

 Human  292  324–325  10–12  157  4,062 a  
 Dog  188  507–549  4  39  2,882 
 Mouse b   283  246–255  17 b   26  3,658 

  Reprinted with permission from Kanda et al. [ 9 ]. © 2013 The Authors. Veterinary Dermatology © 2013 ESVD and 
ACVD 
  Abbreviations :  aa  amino acid,  FLG  fi laggrin 
  a Allele with 10 units of FLG repeats 
  b C57BL/6 J mouse  

a b

  Fig. 20.5    Localization of canine fi laggrin in the dorsal 
neck ( a ) and axilla ( b ) skin of a healthy dog, using an anti-
canine fi laggrin antibody for immunohistochemistry. 
Granular and cytoplasmic staining patterns in the stratum 

granulosum and stratum corneum are shown ( insets ). 
(Adapted with permission from Kanda et al. [ 9 ]. © 2013 
The Authors. Veterinary Dermatology © 2013)       

  Fig. 20.6    Localization of fi laggrin in the epidermis of 
healthy human, using a monoclonal anti-mouse fi laggrin 
antibody for immunohistochemistry (Adapted by permis-
sion from Macmillan Publishers Ltd: Gruber et al. [ 16 ], 
copyright 2007)       
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and lesional CAD skin at the dorsal thorax. 
The N-terminal Ab was raised against syn-
thetic peptide DSQVHSGVQVEGRRGH of the 
N-terminal conserved region of mouse fi lag-
grin, which cross-reacted with human fi laggrin 
and probably recognized the conformational 
epitope DSSRHSGSH of predicted canine fi l-
aggrin sequence [ 17 ]. The C-terminal Ab rec-
ognized the DSVFVQSQNGSRSHD peptide 
sequence, which was addressed by the authors to 
be located at the C-terminal of the canine pro-
fi laggrin sequence. Both antibodies could bind 
the pro- fi laggrin in keratohyalin granules at the 
S. granulosum and the active fi laggrin form at 
the S. corneum. However, the C-terminal Ab 
showed more specifi city without staining the 
nuclei (Fig.  20.7 ). Data from some dogs with 
lesional AD skin (erythema) showed obvious 
decreased fi laggrin expression when using both 
Abs. However, in some dogs, only C-terminal 
Ab stained less in lesional skin as mentioned by 
the authors (data not shown); hence, truncated 
fi laggrin protein probably appeared. However, 
the cause of this truncated fi laggrin has not yet 
been identifi ed. It is probably due to mutation of 
the gene, transcription, translation, or posttrans-
lational events. The work on mRNA and genomic 
levels should help, at least in some part, answer 
this question.

   We aligned the epitopes that were mentioned 
in the study with the canine fi laggrin peptide 

sequence (ENSCAFG00000023034); we found 
that the DSSRHSGSH epitope was on the loca-
tions 461–469, 989–997, 1538–1546, 2066–
2074, and 2519–2527 of the pro-canine fi laggrin 
sequence. Hence, the Ab is probably not specifi c to 
the N-terminal. For the DSVFVQSQNGSRSHD 
sequence, it did not match well with the canine 
fi laggrin sequence. Whether or not it worked 
as a conformational epitope needs to be further 
investigated. 

 Since the anti-mouse fi laggrin polyclonal Ab 
that Chervet et al. [ 17 ] used is commercially 
available, it has been widely used to study canine 
fi laggrin protein expression. Theerawatanasirikul 
et al. [ 18 ] did IHC from dog skin of different 
breeds and coat types, including short coats (pug), 
medium-length coats (Labrador retriever), long 
coats with no undercoat (poodle and Shih Tzu), 
and long coats with a dense undercoat (golden 
retriever) at various sites of the body, including 
the ear pinnae (concave and convex), periocular, 
muzzle, axilla, ventral neck, ventral thorax, lateral 
thorax, ventral abdomen, dorsal back, lateral 
fl ank, inguinal area, perineum, forelimb, hind 
limb, and digital areas. The Ab was found to bind 
throughout the epidermal layers. Signifi cant 
decreases in fi laggrin expression were demon-
strated in the ventral (axilla) and the weight-bear-
ing (digital web) areas, the susceptible sites for 
CAD. However, when the epidermal thickness 
was compared among these sites, the digital web 

Control

Non-lesion

Lesion

N-terminal filaggrin C-terminal filaggrin

  Fig. 20.7    Localization of canine fi laggrin in the epider-
mis of healthy dog, non-lesional and lesional skin of 
CAD, using an anti-N-terminal ( left panel ) and C-terminal 
fi laggrin antibodies ( right panel ) for immunofl uores-
cence.  Insets  represent a three times higher magnifi cation 
with adapted exposure time of a representative area to 

show the continuous and granular fi laggrin lines, respec-
tively, in control, cytoplasmic vesicles in non-lesional 
skin, and their localization outside of nuclei ( right panel ) 
in contrast to the nuclear localization ( left panel ) in 
lesional skin (Adapted with permission from Chervet 
et al. [ 17 ]. © 2010 John Wiley & Sons A/S)       
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showed the thickest, whereas the axilla showed 
the thinnest epidermis. It can be concluded that 
the skin at axilla and digital web is probably a 
“weak” point and easy to develop barrier defect in 
skin diseases, not depending on the thickness of 
the epidermis (Fig.  20.8 ).

   The anti-mouse fi laggrin polyclonal Ab was 
also used in a beagle model for CAD [ 19 ]. Healthy 
beagles and beagles with AD were sensitized with 
house dust mites (HDM) for 3 h per day, for 3 con-
secutive days. IHC of the skin from the dogs, pre- 
and post-allergen exposure, was demonstrated. 
Similar to that observed by Theerawatanasirikul 
et al. [ 18 ], the positive staining was observed not 
only in the S. granulosum but also in lower 

  Fig. 20.8    Localization of canine fi laggrin in the ventral 
abdomen epidermis of healthy dog, using a polyclonal 
anti-mouse fi laggrin antibody for immunohistochemistry 
(Adapted with permission from Theerawatanasirikul 
et al. [ 18 ])       

a1 a2

b2
b1

a

b

  Fig. 20.9    Localization of canine fi laggrin in the epider-
mis of healthy dog ( a ), pre-challenge ( a1 ) and post-chal-
lenge ( a2 ) with house dust mite, and of canine atopic 
dermatitis ( b ), pre-challenge ( b1 ) and post-challenge ( b2 ) 

with house dust mite, using a polyclonal anti-mouse fi lag-
grin antibody for immunohistochemistry (Reprinted with 
permission from Marsella et al. [ 19 ]. © 2009 The Authors. 
Journal compilation © 2009 ESVD and ACVD)       
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 epidermal layers of all groups (Fig.  20.9 ). This is 
probably due to  cross- reactivity with other proteins 
(e.g., keratins). However, overall fi laggrin staining 
percentage in epidermis of all groups was quite 
low, with a maximum value of less than 0.09 % in 
normal dogs (preexposure to HDM) (Fig.  20.10 ). 
There was no correlation with the fi laggrin staining 
percentage in any group at any timepoint with the 
Canine Atopic Dermatitis Extent and Severity 
Index 03 (CADESI-03) scores, which were used to 
evaluate clinical severity of CAD [ 19 ,  20 ]. Hence, 
fi laggrin expression might not be associated with 
the severity of CAD, or perhaps other disease grad-
ing systems, such as the Canine Atopic Dermatitis 
Lesion Index (CADLI), should be used [ 21 ]. It is 
noted that in dogs with AD (pre- and postexposure 
to HDM) and in normal dogs (postexposure to 
HDM), epidermal hyperplasia, an indicator of 
chronic disease that is normally found in natural 
CAD [ 22 ], was not observed. Lately, a similar 
experiment of HDM- treated beagles was per-
formed by the same group, but using a specifi c anti-
canine fi laggrin Ab. The correlation between 
staining score and a modifi ed CADESI-03 was 
observed only on day 1 of HDM challenge [ 23 ]. 
The results may be due to the variety of dog breeds, 
and the beagle is not a susceptible breed for CAD. 
Hence, the clinical association of fi laggrin and 
CAD needs to be further investigated.

    The study of naturally occurring CAD was 
reported, using the same anti-mouse fi laggrin Ab 
[ 24 ]. A distinct pattern of fi laggrin staining in 
lesional CAD skin was compared with that of 

non-lesional and normal skin. The epidermal 
hyperplasia, often found in chronic CAD [ 22 ], 
was obviously observed in lesional skin. The Ab 
discontinuously bound to the S. corneum and S. 
granulosum, but the staining was not observed in 
young cells at the S. spinosum and S. basale. 
However, all skin layers were stained in normal 
and non-lesional skin, which are signifi cantly 
thinner than that of lesional skin (Fig.  20.11 ). 
The binding of fi laggrin Ab at the S. granulosum 
and S. corneum of CAD lesion with epidermal 
hyperplasia was similar to that observed in nor-
mal and affected HAD [ 16 ] (see Fig.  20.6 ).

   Filaggrin expression was studied by IHC in 
canine circumanal glands. The Ab used was a 
mouse monoclonal Ab against fi laggrin 
(Biogenesis, UK). Among the four layers (basal 
layer, polyhedral or spinous layer, granular 
layer, and horny layer) of circumanal glands, fi l-
aggrin was stained in the granular layer, the spi-
nous layer, and in the hair follicle neck of the 
external root sheath. The inability to detect fi l-
aggrin at the S. corneum layer may be due to the 
thinness of S. corneum of that region [ 1 ] 
(Fig.  20.12 ).

   Other protein expressions that related to fi lag-
grin were reported in CAD, including involucrin 
and lymphoepithelial Kazal-type inhibitor 
(LEKTI). Involucrin is another marker protein of 
terminal epidermal differentiation that cross- 
links with fi laggrin. Using an anti-mouse mono-
clonal Ab against involucrin (SY5), which 
cross-reacts with canine involucrin (Abcam, 
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  Fig. 20.10    Percentage of 
immunopositive pixels in the 
epidermis of normal ( NR ) and 
atopic dog ( AD ) pre- and 
post- challenge with house 
dust mite (Adapted with 
permission from Marsella 
et al. [ 19 ]. © 2009 The 
Authors. Journal compilation 
© 2009 ESVD and ACVD)       
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Cambridge, UK), the involucrin intensity was 
signifi cantly decreased in lesional skin similar to 
that of fi laggrin [ 24 ]. Incidentally, pro-fi laggrin 
converts to active fi laggrin by several proteases in 
balance with the protease inhibitors. The lym-
phoepithelial Kazal-type inhibitor (LEKTI) is a 

protease inhibitor that inhibits cleavage of pro- 
fi laggrin into fi laggrin [ 25 ]. It is encoded by the 
serine protease inhibitor Kazal-type 5 gene 
(SPINK5) [ 26 ]. It is involved in regulation of 
proteolysis in epithelia formation and keratino-
cyte terminal differentiation [ 27 ]. The expression 
of LEKTI was studied in CAD by IHC with rab-
bit polyclonal antihuman LEKTI Ab (Santa Cruz 
Biotechnology, Santa Cruz, CA). In normal skin, 
it was obviously expressed in S. corneum. In 
CAD, the expression was expanded from the 
lower part of S. corneum to S. spinosum with 
great intensity in spongiotic and parakeratotic 
areas. The expression of LEKTI was increased in 
lesional and non-lesional skin compared to the 
normal controls corresponding to the decreased 
fi laggrin expression [ 24 ]. This study supported 
the role of LEKTI on fi laggrin expression in 
CAD.  

20.3.2     At the mRNA Level 

 Since several questions about the role of fi lag-
grin in CAD can be answered only by fi laggrin 
protein expression studies due to the limitations 
of available fi laggrin Ab, the emergence of draft 
Ensembl and NCBI dog genome databases [ 7 ,  28 ] 
has made the study of fi laggrin at the mRNA level 
an intriguing subject. Interestingly, although fi l-
aggrin protein expression is decreased in CAD in 

  Fig. 20.12    Immunohistochemical staining for canine fi l-
aggrin in the circumanal gland epidermis of healthy dog, 
using a monoclonal anti-mouse fi laggrin antibody 
(Adapted with permission from Atoji et al. [ 1 ]. Copyright 
© 1998 Wiley-Liss, Inc.)       
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  Fig. 20.11    Immunohistochemical staining for canine fi l-
aggrin. ( a ) Filaggrin staining scores in normal, lesional, 
and non-lesional skin. Bars indicate mean ± SD data with 
signifi cant p-values * p  < 0.05. Protein expression of fi lag-

grin in normal (scale bars = 30 μm), lesional (scale 
bars = 50 μm), and non-lesional skin (scale bars = 50 μm) 
( b – d , respectively).  d  dermis (Reprinted with permission 
Theerawatanasirikul et al. [ 24 ]. Copyright © 2013 TJVM)       
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several publications, the expression at the mRNA 
level does not seem to be in accordance. In the 
naturally occurring CAD, Theerawatanasirikul 
et al. [ 29 ] demonstrated upregulation of fi laggrin 
mRNA expression in lesional CAD skin of small 
dog breeds (poodle, Shih Tzu, and pug) with 
weak correlation with involucrin (IVL), keratin 5 
(KRT5), KRT14, and KRT17 [ 29 ]. On the other 
hand, in non-lesional AD skin of West Highland 
white terriers, decreased fi laggrin expression was 
shown [ 30 ]. However, no signifi cant change was 
observed in the lesional skin and in other breeds 
studied (beagle and Cavalier King Charles span-
iel). For the CAD beagle model, Santoro et al. [ 31 ] 
showed, in the NAVDF 2010, decreased fi laggrin 
mRNA expression in AD dog model. However, 
after the dogs were challenged with HDM for 
3 consecutive days, fi laggrin mRNA expression 
was increased on days 3 and 10, whereas protein 
expression was not different between the groups 
at any timepoint. The increased mRNA expres-
sion may be due to a compensatory mechanism 
in response to the decreased protein expression 
or the number of isoforms of the gene [ 32 ,  33 ]. 
In HAD, the mutation of the  FLG  can lead to 
reduced protein expression without any effect on 
the transcription levels [ 2 ,  25 ]. Actually, there 
is yet another fi laggrin protein expressed in 
human skin and functioned in epidermal bar-
rier similar to human fi laggrin-2 [ 34 ]. In dog, 
predicted  FLG2  sequences were also shown 
in the GenBank database (Accession num-
ber: XM_540329), Archive!Ensembl database 
(ENSCAFG00000024442), and e!Ensembl data-
base (ENSCAFG00000030938). However, the 
role of canine fi laggrin-2 needs to be investigated 
further.   

20.4     Filaggrin Gene Mutations 
in CAD 

 Several groups have tried to fi nd the  FLG  muta-
tion in CAD. However, the defi nitive mutation 
location in risk breeds has not yet been con-
fi rmed. The most conspicuous work of  FLG  sin-
gle nucleotide polymorphism (SNP) searching 
was performed in 242 AD dogs of a large variety 

of breeds (Boxer, German shepherd, Labrador 
retriever, golden retriever, Shiba Inu, Shih Tzu, 
pit bull, and West Highland white terrier) and 417 
normal controls from three locations (the UK, the 
USA, and Japan). One SNP within the  FLG  was 
associated with CAD at the location 64,297,022 
(rs22588227) on canine chromosome 17 with 
corrected p-value = 0.009 and odds ratio = 5.6 but 
only in Labrador retriever from the UK [ 35 ]. In 
small dog breeds (poodle, Shih Tzu, and pug), an 
association between  FLG  mutations and CAD 
has been suggested at the locations 64,297,000 
( p  = 0.041, odds ratio = 3.920) and 64,297,126 
( p  = 0.043, odds ratio = 3.706) [ 10 ]. However, due 
to the small number of samples (12 affected dogs 
and 39 normal controls), the data need to be con-
fi rmed in a larger population. No associations 
between  FLG  mutations and AD in West 
Highland white terriers were found in Australia 
(49 CAD and 30 normal controls) and the US (30 
CAD, 50 normal controls, and 28 of undeter-
mined status) [ 30 ,  36 ]. The lack of  FLG  muta-
tions in dogs is probably due to the lack of a 
genetic survival mechanism from such mutations. 
A heterozygous advantage is likely in humans, 
but this may not have been generally found in 
dogs. One major problem of  c  fi laggrin expres-
sion study is the variety of dog breeds. Several 
dog breeds suffered from CAD, but the  cFLG  
sequences, even the predicted ones, are only from 
some breeds. In addition, tools for canine genetic 
study are not as well developed as the tools for 
human study. Hence,  cFLG  annotation was 
changed from time to time in canFam2 and fi nally 
is excluded from the latest draft dog genome 
database (canFam3).  

20.5     Where Is the Filaggrin Gene 
in the Latest Draft Dog 
Genome Database 
(CanFam3, September 
2011)? 

 A new draft dog genome database version (can-
Fam3) was launched in September 2011 without 
 cFLG  gene in it. In the old canFam2 (May 2005), 
the inconsistent  cFLG  annotation made it diffi cult 
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to design primers to get the expected PCR product 
sizes. Suriyaphol et al. [ 10 ] showed a new 
 fragment of the repeated  FLG  sequence that did 
not appear in canFam2. However, the  FLG  was 
not included in the fi nal gene set for the canFam3 
because this new annotation uses a different 
approach from the previous one (canFam2).  cFLG  
was classifi ed as “bad similarity” with low score 
together with RNASeq models with coverage 
between 50 and 75 %. This score is calculated by 
taking into account the individual score for each 
exon and intron and some parameters related to 
short exon and short intron penalties. Moreover, 
the change in the UniProt set (since 2005) could 
have affected the result. In the latest canFam, the 
 FLG  has been merged with the  FLG2  gene since 
they were classifi ed as “good similarity” when 
they were merged. They were then prioritized 
(together with RNASeq models with coverage 
between 75 and 100 %) over genes that were not 
classifi ed as good similarity and then included in 
the fi nal annotation of the genome.  

20.6     Conclusion and Suggestion 
for Future Work 

 Decreased fi laggrin protein expression was 
observed in normal dog skin at the susceptible 
sites for CAD, compared to other sites of the 
body, and also in dogs with AD. Filaggrin Ab, 
which binds specifi cally to canine fi laggrin epit-
opes, would provide more information about the 
potential role of canine fi laggrin in any skin dis-
ease. At the mRNA level, the results from past 
studies have varied, which probably implies that 
inconstant mechanisms underlined the protein 
expression. The studies on the CAD model still 
have a long way to go. Attempts to identify  FLG  
mutations have not yet been successful, since the 
disease occurs in several dog breeds with differ-
ent genomes and fi laggrin itself shows different 
expression patterns among the CAD groups. 
Pertinently, the  FLG  does not appear in the latest 
draft dog genome (canFam3). However, in the 
future, when a new annotation pipeline gets 
improved and fi ne-tuned in dogs, with more data 
on each dog breed and more functional data of 

the protein, we believe that the  FLG  will return to 
a dog genome database.     
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        The ichthyoses (from Greek,  ichthys , for fi sh) are 
a heterogeneous group of scaling dermatoses 
caused by disordered cornifi cation. Ichthyosis 
vulgaris (IV; OMIM #146700) is by far the most 
common of these disorders of cornifi cation and 
one of the mildest in severity. In fact, IV is one of 
the most frequent single-gene disorders found in 
humans [ 1 – 3 ]. 

21.1     Background 

 IV was fi rst clearly documented in 1806 as “ich-
thyosis nacrée” by Alibert, who compared the 
scales of IV to mother-of-pearl [ 3 ,  4 ]. It took 
another 200 years before the discovery of the 
underlying gene defect in the fi laggrin gene 
( FLG ) was elucidated in 2006 [ 1 ,  5 ].  

21.2     Pathogenesis 

 Loss-of-function mutations in  FLG , which 
decrease the expression of fi laggrin protein by 
approximately 50 % on each affected allele, 
cause IV [ 1 ,  6 ]. Mutations in the gene encoding 
pro-fi laggrin had been suspected for many years 
to be the cause of IV based on the frequently 
observed reduction in the granular layer in IV, the 
site of fi laggrin expression (see below) [ 1 ]. 
Genetic linkage studies of IV families fi rst 
mapped the location of the  FLG  to chromosome 
1q21.3 in 2002 [ 7 ,  8 ]. In 2006, Smith et al. and 
Palmer et al. simultaneously reported mutations 
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in  FLG  as the underlying cause of IV [ 1 ,  5 ]. One 
problem with verifying this suspicion was the 
impact of the environment on clinical manifesta-
tions. In particular, high humidity and warmer 
weather mask the phenotypic changes [ 8 ]. 
Similarly, many individuals with IV have “dry 
skin” that “runs in the family” and thus are not 
recognized to have IV. Also challenging for dis-
covery are the multiple repeats and large size of 
 FLG  [ 1 ]. Detection of gene mutations required 
specifi c primers and use of long-range PCR for 
amplifi cation within the highly homologous  FLG  
sequence [ 9 ,  10 ]. 

 Prior to the discovery of the underlying gene 
defect, IV was thought to be an autosomal domi-
nant disorder with variable penetrance; recogni-
tion of the loss-of-function mutations in  FLG  
allowed reclassifi cation of IV as a semidominant 
disease with 83–96 % penetrance [ 1 ,  11 – 14 ]. 
Semidominant transmission means that the dis-
ease can manifest with either a single mutant 
allele [seen in a majority of individuals with IV] 
or with both alleles expressing a null mutation 
[ 12 ,  15 ,  16 ]. This semidominant pattern of inheri-
tance also contributes to the reason why some 
patients have mild clinical signs such as dryness 
and scaling only in winter (heterozygotes with 
one mutant allele), whereas others have chronic, 
severe, generalized scaling and severe palmo-
plantar markings (homozygotes or compounds 
heterozygotes with two mutant alleles leading to 
a dose effect) [ 1 ]. 

 The  FLG  gene is located in a cluster of pro-
teins necessary for epidermal differentiation 
(epidermal differentiation cluster; EDC) [ 17 , 
 18 ]. The EDC is a large sequence 2 Mb in length 
that includes genes that encode loricrin, involu-
crin, trichohyalin, and repetin [ 8 ].  FLG  encodes 
pro- fi laggrin, the primary protein of keratohyalin 
granules. The pathogenesis of IV has been linked 
to a decrease in both size and number and some-
times even a complete absence of epidermal 
(F-type) keratohyalin granules of the stratum 
granulosum [ 2 ,  6 ,  19 ]. After its synthesis, pro- 
fi laggrin is phosphorylated and stored in the ker-
atohyalin granules of the granular layer as 
400 kDa pro-fi laggrin polymers [ 1 ,  2 ]. The struc-
ture contains an N-terminal domain preceding 

10–12 repeats of a 324-residue fi laggrin sequence 
[ 20 ]. During the fi nal processing steps of skin 
differentiation, pro-fi laggrin is cleaved into 
10–12 fi laggrin monomers of approximately 
37 kDa after dephosphorylation and cleavage by 
serine proteases [ 1 ]. Filaggrin then helps to 
aggregate keratin intermediate fi laments (thus 
the name  fi l ament- agg regating  prote in ) and con-
tributes to the cornifi ed envelope by cross-link-
ing proteins such as loricin and trichohyalin and 
providing a scaffold for ceramides secreted by 
the lamellar bodies [ 2 ,  21 ]. 

 As a result of null mutations, pro-fi laggrin 
mRNA in IV patients has a shortened half-life as 
compared to wild-type individuals [ 22 ] and loss-
of- function mutations in the  FLG  gene, regard-
less of the location, result in unstable, truncated 
pro-fi laggrin that cannot function normally [ 6 , 
 10 ]. In addition to causing fi lament disorganiza-
tion and a decrease in corneodesmosome density 
[ 19 ],  FLG  mutations are associated with irregular 
lamellar body secretion, maturation, organiza-
tion, and distribution, with impaired lipid trans-
port, further affecting the integrity of the stratum 
corneum [ 19 ,  23 ]. The result is an impaired 
 epidermal barrier with increased transepidermal 
water loss (TEWL) leading to xerosis and a 
decrease in skin hydration as a function of the 
amount of fi laggrin expression [ 9 ,  19 ]. Filaggrin 
proteolysis accelerates below 80 % humidity and 
increases as humidity declines in order to pre-
serve skin hydration [ 24 ,  25 ]. In homozygous 
individuals, the decrease in stratum corneum 
hydration is 30 % [ 19 ]. This abnormal epidermal 
barrier function results in compensatory mecha-
nisms such as epidermal hyperplasia which, cou-
pled with the decrease in normal desquamation, 
leads to skin thickening and histological hyper-
keratosis as a fi nal product [ 21 ,  26 ]. 

 Filaggrin is also degraded through a process 
requiring caspase-14 into hygroscopic amino 
acids (glutamine, arginine, and histidine) and 
their metabolites, such as urocanic acid (UCA) 
and pyrrolidone carboxylic acid [ 27 ]. These 
amino acids comprise the skin’s “natural mois-
turizing factor” (NMF) along with urea and lactic 
acid [ 1 ,  14 ,  28 ] and are important in epidermal 
water retention [ 29 ]. Flaky tail mice with their 
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null mutation in  FLG  show ichthyosis, whereas 
mice lacking caspase-14 show xerosis and UV 
sensitivity without ichthyosis; in these animals, 
pro-fi laggrin to fi laggrin cleavage is normal, but 
NMF production is impaired [ 30 ,  31 ]. NMFs 
(especially histidine and glutamine) also affect 
the stratum corneum pH, which is key for regu-
lating protease activity and desquamation [ 32 , 
 33 ]. Desquamation occurs at the outer stratum 
corneum when the attachments between corneo-
cytes (corneodesmosomes) are weakened and 
requires a lower pH [ 19 ,  34 ,  35 ]. In contrast, ser-
ine proteases operate optimally in neutral or alka-
line pH, and the elevated pH in the ichthyotic 
milieu created by fi laggrin defi ciency increases 
epidermal protein degradation but compromises 
hydrolases that normally organize and process 
important extracellular lipids in the epidermis 
[ 19 ,  36 ,  37 ]. Homozygous individuals display a 
greater increase in skin pH (the mechanism being 
a reduction in acidic fi laggrin metabolites), dis-
playing an inverse dose-dependent effect; the 
increased surface pH in individuals with fi laggrin 
mutations likely contributes to scale retention of 
IV, as well as deactivation of enzymes responsi-
ble for processing ceramides [ 19 ,  24 ]. The ele-
vated pH also impairs the acid mantle of the 
stratum corneum, thus impairing the inherent 
antimicrobial properties of the skin and increas-
ing  Staphylococcus aureus  growth [ 33 ]. 

 NMFs also protect keratinocytes from ultravi-
olet- B (UVB) light damage through the transfor-
mation of histidine to trans-urocanic acid, which 
absorbs UVB [ 6 ,  38 ]. The role of fi laggrin in pro-
tecting against UVB cellular exposure has been 
hypothesized to explain differences in the fre-
quency of fi nding  FLG  mutations based on lati-
tude. Since UCA is protective against UVB 
radiation, which induces vitamin D 3  production, 
a reduction in UCA in individuals with IV has 
been correlated with increased levels of vitamin 
D when compared to controls [ 39 ]. German and 
Danish fi laggrin mutation carriers displayed up 
to 10 % higher mean vitamin D levels when com-
pared to controls, which may indicate a survival 
advantage against diseases resulting from hypo-
vitaminosis D such as osteoporosis, rickets, and 
infections [ 21 ,  39 ]. On the other hand, the seem-

ingly lower rate of  FLG  mutations in African- 
Americans may relate part, to the role of UCA in 
absorbing ultraviolet light, as an individual with a 
 FLG  mutation is theoretically sensitized to UVB- 
induced apoptosis [ 28 ,  38 ]. Although the more 
permeable barrier of IV has many drawbacks, 
another potential selective advantage to fi laggrin 
defi ciency could be the improved immunity from 
increased transcutaneous exposure to pathogens 
[ 28 ,  40 ].  

21.3     Epidemiology 

 Most individuals affected by IV have “dry skin” 
and no knowledge of their underlying diagnosis. 
In fact, a 1966 study of English schoolchildren 
cited an incidence of up to 1 in 250 patients based 
on clinical features [ 3 ,  41 ], but more recent stud-
ies have shown that 4 % of Northern Europeans 
and 3 % of Asians show clinical evidence of IV 
[ 1 ,  5 ,  15 ,  41 ,  42 ]. Overall, the median prevalence 
of  FLG  mutations among Europeans is 7.7 % 
(range 2.7–14.2 %) and among Asians is 3.0 % 
(range 0–7.3 %) [ 5 ,  21 ]. 

  FLG  consists of three exons, and mutations 
are found in exon 3, which encodes the N-terminal 
domain and multiple 1 kb sequences that encode 
the fi laggrin repeats [ 1 ,  9 ]. Although IV is a com-
mon disorder across a variety of populations, 
mutations tend to be population-specifi c and 
sometimes even vary by region [ 43 ]. For exam-
ple, R501X, 2282del4, S2347X, and R2447X are 
the four most common  FLG  gene mutations in 
Northern Europeans (accounting for greater than 
80 % of mutations in this population) but are 
uncommon in individuals of Southern European 
descent [ 19 ,  28 ,  44 ,  45 ]. Of these mutations, 
R501X and 2282del4 are most frequent [ 1 ,  5 ,  12 , 
 14 ,  41 ]. Homozygosity for a null mutation or 
compound heterozygosity for both R501X and 
2282del4 mutations has been shown to lead to 
more severe manifestations [ 1 ]. 

 The following mutations have been discov-
ered in population-specifi c studies of IV patients. 
S2554X and 3321delA mutations are most com-
mon in Japanese populations but less prevalent in 
the Korean population, where p.Y1767X has 
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been reported [ 46 ]. In the Chinese population, 
K4671X and 3321delA are common, in addition 
to numerous other novel mutations that have been 
reported; 3321delA is also common in Taiwan 
[ 47 – 51 ]. 2282del4 and 3672del4 mutations were 
found in the Indian population [ 5 ,  52 ], while 
R501X and 2282del4 mutations were discovered 
in the Pakistani population; these mutations 
along with R826X and 2767insT have been found 
in the Bangladeshi population [ 15 ,  53 ,  54 ]. 
Individuals of African descent with clinical evi-
dence of IV or atopic dermatitis (AD) have a low 
frequency of the  FLG  mutations that are seen in 
Northern European and Asian populations 
[ 5 ,  28 ]. A limitation of studies of populations 
outside of Northern Europe is that sequencing of 
the entire  FLG  gene has not been performed, but 
rather studies have sought known loss-of- function 
mutations in  FLG  or have looked in regions 
within the gene known to harbor mutations. As 
such, the prevalence frequencies listed here in 
non-European populations may be erroneously 
low. Explanations for lower prevalence in popu-
lations outside of Northern Europe, particularly 
in populations of African descent, may include 
novel  FLG  mutations outside of regions with pre-

viously found mutations in exon 3 or a mutation 
in an alternative gene with shared function, such 
as  FLG2 .  

21.4     Clinical Features 
of Ichthyosis Vulgaris 

 The diagnosis of IV is clinical and made based on 
history and a thorough physical examination, 
including of the palms and soles. The family 
should be questioned about “dry skin” and the 
need for emollient administration, especially in 
colder and drier weather. If a parent or other fam-
ily members are present, their lower legs and 
palms should be examined. Individuals with AD 
should be assessed for concomitant IV, especially 
if they display characteristic features of IV such 
as scaling on the lower extremities (Fig.  21.1 ), 
palmar hyperlinearity (Fig.  21.2 ), and, although 
less specifi c, keratosis pilaris (Fig.  21.3 ). If fur-
ther confi rmation is necessary, genetic testing or 
histological examination can be performed (see 
below).

     IV does not tend to be present at birth, in 
contrast to many other forms of ichthyosis, but 

  Fig. 21.1    Hyperlinear palms 
in a father and son with 
ichthyosis vulgaris (IV)       
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rather tends to present at 3 months of age or 
later [ 3 ,  55 ]. On the other hand, concomitant 
AD may present as early as the fi rst week of life 
with its xerosis and cutaneous infl ammation. 
Heterozygotes show a very mild phenotype that 
can be masked by maintaining proper hydration 
with moisturizers, while homozygotes inherit a 
severe phenotype that tends to be more chronic 
and stable [ 15 ]. 

 The  scaling  of IV occurs predominantly on 
the extensor surfaces and is exacerbated by low 
humidity (due to hastened proteolysis of remain-
ing fi laggrin) [ 12 ]. The more highly hydrated axil-
lae and antecubital and popliteal fossae tend to 
show sparing [ 3 ,  8 ]. Scaling tends to range from 
fi ne and powdery to coarse and polygonal, with the 
latter morphology often seen on the lower extremi-
ties and to a lesser extent on the mid-face, scalp, 
and trunk [ 3 ]. NMF levels, as measured by Raman 
spectroscopy, are decreased on the lower legs, 
which may explain the increased incidence of dry-
ness when compared to the upper extremities [ 33 , 
 56 ]. NMF has also been shown to correlate with 
 FLG  null allele status, thus contributing to the phe-
notype of dry skin in IV and also AD [ 29 ]. Scaling 
on the scalp may be mistaken for seborrheic der-
matitis. These scales are often attached centrally 
with the lateral edges peeling away from the skin 
surface [ 57 ]. In darker-skinned individuals, scales 
tend to be more hyperpigmented, given the reten-
tion of epidermal cells with melanin. Chapping, or 
painful fi ssures of the hands and heels, have been 
described in 81 % of affected school-age children 
in the UK, are seen more with severe disease, and 
are similarly exacerbated by decreased humidity 
[ 3 ]. There is notable improvement during summer 
months (reported by 80 % of IV patients), although 
some patients have reported hypohidrosis and heat 
intolerance as well [ 8 ,  55 ,  58 ]. 

  Hyperlinear palms and soles  show exagger-
ated skin markings. In a study of British school-
children, hyperlinear palms were strongly 
correlated with the  FLG  null genotype, particu-
larly R501X, 2282del4, R2447X, and S3247X 
( p  < 0.01) [ 41 ]. The positive predictive value for 
hyperlinear palms is 71 %, and the negative pre-
dictive value is 90 % [ 41 ]. 

  Fig. 21.2    Fine white desquamating scale with a larger 
polygonal scale on the lower extremity of an affected 
individual       

  Fig. 21.3    Keratosis pilaris on the thigh of an infant with 
associated skin infl ammation       
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  Keratosis pilaris  is characterized by follicular- 
based keratotic papules, particularly on the lateral 
aspects of the face and extensor surfaces of the 
upper arms and thighs. Keratosis pilaris is noted 
in 100 % of homozygous  FLG  mutation carri-
ers, 66 % of heterozygous individuals, and 30 % 
of wild-type individuals [ 41 ]. Keratosis pilaris 
is also signifi cantly associated with R501X and 
2282del4 mutations ( p  < 0.01 for each) and with 
AD, which is also commonly associated with IV. 
The positive and negative predictive values for 
keratosis pilaris are 53 and 90 %, respectively 
[ 41 ]. The absence of keratosis pilaris and palmar 
hyperlinearity may yield a negative predictive 
value of  FLG  mutation as high as 92 % [ 41 ]. 

 Although not yet validated, a scoring system 
for IV severity has been proposed to predict  FLG  
mutations in the Caucasian population [ 59 ]. Five 
major clinical signs of IV (palmar hyperlinearity, 
diffuse xerosis, keratosis pilaris, leg scaling, and 
scalp desquamation) are graded on a 0–3 scale. A 
clinical severity score of <4 (out of 15) has a 
90 % negative predictive value for having either 
an R501X or 2282del4 mutation [ 59 ]. Another 
proposed scale shows a high penetrance of 
summed skin signs known to be associated with 
 FLG  mutations (ichthyosis, keratosis pilaris, and 
palmar hyperlinearity): 100 % in homozygotes, 
87.7 % in heterozygotes, and 46.5 % in wild-type 
individuals, suggesting highly penetrant haploin-
suffi ciency [ 60 ].  

21.5     Laboratory Testing 

 Laboratory testing is rarely necessary to make the 
diagnosis of IV, but features can be seen by stud-
ies of skin sections. Keratohyalin granules are a 
major component of the stratum granulosum and 
stain darkly with hematoxylin because they are 
mostly made up of electron-dense, histidine-rich 
insoluble pro-fi laggrin aggregates. As such, on 
immunohistochemical staining, there is often 
“loss” of the granular layer as keratohyalin gran-
ules are reduced or absent in IV, regardless of 
anatomical location and time of sampling of the 
biopsy [ 1 ,  8 ,  61 ]. Nevertheless, a reduced granu-
lar layer is highly variable among individuals 

with IV, can be found in normal epidermis, and 
cannot be utilized for diagnostic confi rmation 
[ 8 ]. The stratum corneum can show orthokerato-
sis or a basket weave pattern or may be compact 
and laminated [ 8 ,  38 ,  55 ]. The epidermis may be 
thicker than normal but tends to be thinner than in 
other proliferative disorders such as psoriasis. 
Studies have variably shown decreased mitotic 
counts and epidermal proliferation rates com-
pared to control skin [ 57 ,  62 ] or increased num-
bers of Ki-67-positive keratinocytes, a marker of 
proliferation [ 19 ]. 

 Immunohistochemical staining with a mono-
clonal antibody against the fi laggrin repeat region 
and the N-terminal domain of pro-fi laggrin shows 
a complete lack of staining in the suprabasal lay-
ers of individuals with null mutations in both 
alleles, compared to very strong staining of kera-
tohyalin granules in normal individuals [ 2 ]. 
Interestingly, both heterozygotes and homozy-
gotes with ichthyosis, but not AD, show increased 
expression of CD1a+ dendritic cells, although 
not to the extent seen with AD, suggesting sensi-
tization in patients with IV, regardless of the 
 concomitant presence of AD [ 14 ]. 

 Although merely a research tool, electron 
microscopy can be used to distinguish het-
erozygous and homozygous carriers [ 14 ]. 
Homozygous carriers show a striking reduction 
in keratohyalin granules, while heterozygous 
carriers show minimal (but focally normal) 
keratohyalin granules [ 2 ,  14 ]. The amount of 
keratohyalin in samples correlates with fi lag-
grin proteins in epidermal samples and with 
clinical severity [ 2 ]. As compared to control 
samples, lamellar bodies are smaller and abnor-
mally shaped in patients with IV, but the num-
ber of lamellar bodies is not reduced [ 2 ,  38 ]. 
Keratohyalin granules may be “crumbly” or 
absent, and perinuclear keratin retractions may 
be seen in granular cells [ 2 ,  14 ,  19 ]. 

 Immunoblot staining shows a reduction in or 
lack of the fi laggrin protein, especially with 
greater severity [ 2 ,  8 ], but fi laggrin is also reduced 
in the skin of individuals with AD (see below), 
even without a  FLG  mutation [ 63 ]. Filaggrin- 
defi cient skin without AD shows normal mRNA 
expression of other proteins of differentiation, 
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such as loricrin and keratin [ 19 ]. A slight increase 
in the expression of proline-rich molecule 
SPRR2A has been detected, but there is no differ-
ence in skin lipid composition [ 38 ].  

21.6     Comorbidities 

 Atopic disease is found overall in 37–50 % of 
patients with IV, especially with two fi laggrin 
mutations, and AD is strongly associated with IV 
[ 1 ,  3 ,  5 ,  12 ,  14 ,  64 ]. Approximately 8 % of indi-
viduals with AD have clinical features of IV [ 3 ], 
although 14–56 % of AD patients have a  FLG  
mutation. Filaggrin mutations are the strongest 
genetic risk for developing AD [ 5 ,  65 – 69 ]. The 
odds ratio of developing AD with a  FLG  mutation 
has been estimated to be between 3.12 and 4.78 
[ 64 ,  69 ]. The eczema subtype associated with 
 FLG  mutations is that of early-onset, severe, and 
persistent disease [ 41 ]. Copy number variation in 
number of fi laggrin repeats also affects the 
chances of developing AD; an increased number 
of units (e.g., 12 repeats) may be protective against 
developing atopic dermatitis, while a lower num-
ber (e.g., 10 repeats) increases the risk [ 10 ,  20 ]. 

 Filaggrin is the front line of defense in the cor-
nifi ed envelope that protects the skin from envi-
ronmental substances that can trigger an immune 
response (which relates to the outside-in and 
inside-out model of AD) [ 1 ,  18 ]. The barrier 
abnormality produced by defi cient fi laggrin and 
the subsequent increase in permeability of aller-
gens and haptens into the epidermis result in a 
Th2-weighted immune imbalance that typifi es 
acute AD [ 23 ,  70 ]. This Th2 infl ammation itself 
downregulates  FLG  expression, initiating a 
vicious cycle [ 19 ]. Interleukin 22 (IL-22), an 
important cytokine in chronic AD, and pro- 
infl ammatory Th2 cytokines, such as IL-4 and 
IL-13, have also been shown to also downregu-
late fi laggrin, further exacerbating the ichthyosis 
phenotype and contributing to the barrier impair-
ment in genetically normal individuals with AD 
[ 71 ]. The role of fi laggrin downregulation and 
barrier disruption as a primary effect or second-
ary to immune activation in the pathogenesis of 
AD has yet to be elucidated. 

 AD is often the fi rst clinical manifestation 
of atopy during infancy or even the neonatal 
period. Since IV does not clinically manifest 
before about 3 months of age (and often later), 
AD with its cutaneous infl ammation in associ-
ation with dryness and scaling can be the fi rst 
clinical manifestation of IV. Other atopic disor-
ders, such as asthma and allergic rhinitis, gen-
erally appear subsequently through the “atopic 
march.” Twenty to 25 % of patients with asthma 
have a  FLG  mutation, but in general,  FLG  muta-
tions increase the risk of asthma only in patients 
with preceding or coexistent AD [ 5 ,  14 ,  72 ]. 
The strong association between  FLG  mutations 
and asthma is usually seen in individuals with 
initial AD, with AD typically presenting fi rst 
[ 73 ]. Allergic rhinitis or high IgE levels have 
been noted in 42 % of patients (although only 
23 % of these patients had a history of AD) 
[ 14 ]. Food sensitization and concomitant  FLG  
mutations increase the positive predictive value 
of developing childhood asthma [ 74 ]. Double 
allele  FLG  mutations result in an earlier onset 
of AD, a more severe course,  aeroallergen sen-
sitization, and chronic disease; there is also an 
amplifi ed risk of allergic rhinitis, food allergies, 
and severe asthma [ 75 ].  FLG  mutations are asso-
ciated with a higher risk of egg, milk, fi sh, and 
wheat allergy [ 76 ], as well as with clinically sig-
nifi cant peanut allergy, even after controlling for 
confounding with AD (OR of 5.3) [ 77 ]. These 
   fi ndings suggest that the impaired epidermal 
barrier with  FLG  mutations allows penetration 
of food allergens which increase the risk of per-
cutaneous sensitization, but does not necessarily 
lead to clinically relevant food allergies [ 78 ]. 
Filaggrin-defi cient mice, with their homozygous 
 FLG  mutations, display increased allergen per-
meability and subsequent development of anti-
gen-specifi c antibodies; these mice also develop 
AD at lower doses of hapten and have a reduced 
threshold for development of allergic and con-
tact dermatitis when compared to wild-type mice 
[ 23 ,  70 ].  FLG -defi cient mice are also more sus-
ceptible to dermatitis produced by the dust mite 
 Dermatophagoides pteronyssinus  [ 79 ]. 

 Although predominantly linked to AD as a 
comorbidity,  FLG  mutations have also been 
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 associated with alopecia areata [ 80 ], nickel sensi-
tization [ 42 ], irritant contact dermatitis [ 81 ], 
allergic contact dermatitis (including in mouse 
models) [ 42 ,  70 ,  82 ], eczema herpeticum (espe-
cially the R501X mutation) [ 83 ], and hand 
eczema [ 84 ]. One study has suggested a relation-
ship between a p.K4022X  FLG  mutation and 
psoriasis vulgaris in a patient with a family his-
tory of concomitant psoriasis and IV [ 85 ].  

21.7     Treatment and Prevention 

 Treatment goals include removal of excess scales 
and hydration of the skin. Emollients, especially 
those with ceramides, and keratolytic therapy uti-
lizing urea, α-hydroxy acids such as lactic or gly-
colic acids, or salicylic acid (a β-hydroxy acid) 
are the mainstays of therapy in IV [ 21 ]. Daily 
application of 5–15 % lactic or glycolic acid con-
taining emollients, 10–25 % urea, or propylene 
glycol has been suggested [ 86 ]. 

 Urea uptake has been shown to have antimi-
crobial activity and also the ability to alter epi-
dermal barrier function; it has been demonstrated 
that urea treatment may increase lipid synthesis 
[ 35 ]. Topical application of 20 % urea upregu-
lates multiple proteins, including involucrin, 
fi laggrin, loricrin, transglutaminase-1, and epi-
dermal antimicrobial markers (β-defensin-2 and 
CAMP), while also minimizing TEWL [ 87 ]. 
Alpha hydroxy acids have been noted to pro-
mote desquamation, improve hydration, induce 
ceramide synthesis [ 24 ,  35 ], and also strengthen 
barrier function; these acids also increase kerati-
nocyte growth and thus lead to a more even skin 
surface [ 35 ]. 

 Patients should be followed closely for devel-
opment of AD and/or the development of other 
atopic disorders [ 5 ,  41 ,  69 ,  73 ,  88 ]. Early results 
suggest a reduced incidence of developing AD 
when at-risk neonates are coated with an emol-
lient cream at least once daily after bathing [ 89 ]. 
Given evidence that cat ownership increases the 
risk of developing AD, especially with a  FLG  
mutation, families with IV may choose to con-
sider a dog rather than a cat as a pet [ 90 ]. Exposure 
to tobacco smoke has been shown to lead to 
greater impairment of respiratory function and 

eventual asthma in individuals with  FLG  muta-
tions (even though fi laggrin is not expressed in 
the pulmonary airways) [ 91 ], suggesting that 
infants and children at risk of IV should be pro-
tected from exposure to tobacco smoke [ 90 ]. 

 It has been suggested that individuals with IV 
be warned against nickel, metals, and other contact 
irritants in the home, given the possible increased 
risk of contact sensitization and hand eczema [ 42 , 
 82 ]. Avoidance of wet work is also suggested for 
individuals with  FLG  mutations, and use of pro-
phylactic emollient has been recommended to pre-
vent fi ssuring of the hands [ 92 ]. Individuals with 
IV may also have increased sun sensitivity due to 
decreased UCA levels and subsequent UVB-
induced cellular apoptosis; wearing sun-protective 
clothing prior to outdoor activities and sunscreen 
application should be highlighted [ 38 ].  

21.8     The Role of Filaggrin 
in Other Ichthyoses and 
Disorders of Cornifi cation 

 Individuals with X-linked recessive ichthyosis, 
caused by a mutation in the steroid sulfatase 
(arylsulfatase C) gene, show a more severe phe-
notype with a concomitant mutation in  FLG  
when compared to affected family members with 
wild-type  FLG  [ 52 ,  93 ]. 

 Acquired ichthyotic scaling (ichthyosis 
acquisita), a nonheritable form of ichthyosis, 
has many causes but is most commonly linked to 
Hodgkin’s lymphoma [ 94 ,  95 ]. The role of fi lag-
grin defi ciency in acquired ichthyosis is unclear; 
however, onset is during adulthood, family his-
tory is usually lacking, and successful treatment 
of the underlying disease process tends to clear 
the scaling [ 94 ].  

21.9     Future Considerations 

 The  FLG  promoter in humans has been found 
to contain retinoic acid and glucocorticoid 
response elements and is also regulated by PPARγ 
( peroxisome proliferator-activated receptor) [ 96 ]. 
In mice capable of expressing PPARγ, topical treat-
ment with PPARγ agonists increases  pro- fi laggrin 
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expression, suggesting that PPARγ activity modu-
lates pro-fi laggrin expression directly and promot-
ing the use of topically applied PPARγ agonists as 
treatment [ 96 ]. Rosiglitazone, a PPARγ agonist, 
has been shown to lead to an improvement in AD, 
though  FLG  mutation status was not determined, 
and may be an appropriate topical treatment for 
IV with further testing [ 97 ]. Vigorous research is 
ongoing to identify compounds that can upregu-
late fi laggrin expression in heterozygotes or even 
correct the nonsense  FLG  mutation for individuals 
with null mutations in both alleles [ 43 ].     
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        Dry skin is common in the general population. 
Although there is no general consensus on a 
defi nition, it is generally agreed that the basic 
characteristic of the disorder is the presence of 
rough, fl aky skin that has lost its normal 
mechanical properties. It can be the trigger fac-
tor and also the main symptom of certain der-
matoses. The term “xerosis” is often used to 
refer to the concept of dry skin. Severe xerosis 
can lead to the onset of, for example, a type of 
eczema characterized by intensely itchy, fi s-
sured, and cracked skin called xerotic eczema 
or eczema craquele. Dry skin affects the 
patient’s quality of life, and severe xerosis can 
interfere with work productivity, especially 
when the hands are affected. 

22.1     Epidermal Homeostasis 
and Xerosis 

 The epidermis is the skin layer mostly involved 
in the pathogenic mechanisms that make the 
skin dry. 
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22.1.1     The Stratum Corneum 

 The epidermis is an avascular and stratifi ed 
keratinized epithelium that undergoes constant 
renewal. The main physiologic epidermal process 
involved in maintaining epidermal homeostasis 
is keratinocyte differentiation. Disruption of the 
orderly and regulated stacking of corneocytes is 
one of the principal causes of dry skin. Acellular 
components of the stratum corneum include 
structural proteins, intercellular lipids, “natural 
moisturizing factor” (NMF), and enzyme sys-
tems. The metabolic and enzyme activity of the 
stratum corneum plays a key role in maintaining 
barrier functions and the skin’s water content. 
The process involves the formation of lipids and 
envelope proteins (e.g., fi laggrin) and the subse-
quent degradation of intercellular bonds (by way 
of corneodesmolysis) to produce physiologic 
desquamation. The stratum corneum response 
to certain external stimuli induces enzyme activ-
ity, promoting the synthesis of ceramides and 
NMF, both crucial in maintaining optimum skin 
 hydration. Enzymes (particularly proteases, glu-
cosidases, and phosphates) play roles in trans-
forming glucoceramides into ceramides and 
breaking down corneocyte cohesion. The activ-
ity of these proteins is modulated by factors such 
as pH, temperature, and hydration. A decline in 
lipid content gives rise to an increase in insensi-
ble water loss, which in turn destabilizes the opti-
mum environment for epidermal enzyme activity. 
This change affects the process of corneocyte 
maturation and inhibits cell desquamation. In this 
way, the alterations in enzyme activity initiate a 
self- perpetuating cycle that gives rise to persis-
tent dry skin [ 1 ,  2 ].  

22.1.2     Stratum Corneum Lipids 

 Lipid defi ciency impairs stratum corneum hydra-
tion affecting the elasticity and fl exibility of healthy 
skin. The intercellular lipid component is arranged 
in bilayers between the corneocytes. These lipids 
are formed in the lamellar or Odland bodies of the 
stratum granulosum and then migrate upward into 
the stratum corneum during the epidermal 

 differentiation [ 3 ,  4 ]. The lipids secreted are the 
substrate of the enzymes that transform the gluco-
sphingolipids into a mixture of nonpolar lipids, 
including ceramides (50 %), free sterols, essential 
and nonessential free fatty acids (10–2 0 %), and 
cholesterol (25 %) [ 2 ,  5 ]. Ceramides are the main 
source of essential fatty acids such as linoleic acid, 
a structural element that plays a key role in epider-
mal barrier function [ 5 ].  

22.1.3     Stratum Corneum Peptides [ 6 ] 

 Filaggrin and involucrin are the major structural 
proteins in the stratum corneum. Filaggrin is pro-
duced as the precursor proprotein profi laggrin. 
Profi laggrin is expressed in terminally differenti-
ating keratinocytes in the outmost layers of the 
human epidermis. It is a constituent of the kerato-
hyalin granules in the stratum granulosum. During 
terminal differentiation at the granular to corni-
fi ed layer, profi laggrin is dephosphorylated and 
cleaved by endoproteases (e.g., recombinant 
SASPase [ 7 ,  8 ], elastase-2 [ 9 ], serine proteases 
matriptase/MT-SP1 [ 10 ], or prostasin [ 11 ]) to 
generate functional fi laggrin monomers. Filaggrin 
monomers bind to keratin 1 and 10 and other 
intermediate fi lament proteins within the kerati-
nocyte cytoskeleton to form tight bundles contrib-
uting to mechanical strength and integrity of the 
stratum corneum, facilitating the collapse and 
fl attening of cells in the outermost stratum cor-
neum to produce squames. Filaggrin is a histidine- 
rich protein, and its metabolites include the 
organic acids trans-urocanic acid (trans- UCA) 
and pyrroliodone-5-carboxylic acid. Filaggrin 
breakdown products, together with chloride and 
sodium ions, lactate, and urea, form the NMF, 
which contributes to epidermal hydration and bar-
rier functions. The fi laggrin gene ( FLG ) is located 
in the epidermal differentiation complex on chro-
mosome 1q21. Exon 3 of the  FLG  is a large exon 
encoding almost the entire profi laggrin protein. 
There are common size- variant  FLG  alleles in the 
general population with 10, 11, or 12 repeats. The 
number of fi laggrin units in human subjects varies 
from 20 to 24, excluding null mutations. Since the 
discovery in 2006 that loss-of-function mutations 
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in the  FLG  are the cause of ichthyosis vulgaris, a 
disorder of keratinization and also a genetic risk 
factor for atopic dermatitis (AD),  FLG  mutations 
acquired a special relevance in the study of 
eczema independent of sensitization [ 12 ]. Now 
we also know that heterozygous null alleles in the 
 FLG  contribute to clinical dry skin in young 
adults and the elderly [ 13 ].  

22.1.4     Natural Moisturizing or 
Natural Hydration Factor 

 The physiologic water content of a healthy stra-
tum corneum is 15–20 %. When the water con-
tent of the cornifi ed layer falls below 10 %, the 
skin acquires a rough, dry appearance [ 2 ]. To pre-
vent water loss, the epidermis contains hygro-
scopic substances such as the NMF, a compound 
composed of a mixture of amino acids, amino 
acid derivatives, and salts generated by fi laggrin 
hydrolysis [ 2 ]. The water absorbed by the NMF 
from the environment and from inside the skin 
acts as an intracellular plasticizer in the stratum 
corneum ensuring that the corneocytes retain 
their turgidity and preventing abnormal skin 
cracking and desquamation [ 2 ]. Decreases in 
NMF levels and its content (lactate, potassium, 
sodium, and chlorine) in the stratum corneum 
induce decreased skin hydration and fl exibility 
[ 14 ]. Dehydration impairs the skin’s capacity to 
keep out irritants and potentially harmful patho-
gens [ 15 ]. The stratum corneum contains other 
moisturizing components as hyaluronic acid, 
glycerol, and lactate (independent from fi laggrin 
or urea) that play also a role in maintaining the 
physical epidermal properties [ 16 ].  

22.1.5     Corneocyte Binding 

 Specialized desmosomes, the corneodesmo-
somes, bind the corneocytes together. These trans-
membrane glycoprotein complexes are located in 
the corneocyte envelope [ 16 ]. Both desmoglein 
1 and desmocollin 1, members of the cadherin 
family of molecules, are their basic components. 
These proteins, which span the corneocyte enve-

lope and are embedded into the intercellular lipid 
cement, increase cohesion between adjacent 
cells. The keratin fi laments bind through the cor-
neodesmosomal plaques, which are composed 
of plakoglobin,  desmoplakins, and plakophil-
ins. The links are formed by calcium-dependent 
transglutaminases (TGase). TGase 1, 3, and 5 
are involved in corneocyte differentiation. The 
strength and fl exibility of the corneocyte enve-
lopes are ensured by the connections between 
several proteins such as involucrin, the small 
proline-rich proteins, envoplakin, and periplakin 
[ 16 ]. The enzymatic hydrolysis of the corneodes-
mosomes promotes epithelial desquamation. The 
stratum corneum chymotryptic enzyme (SCCE), 
stratum corneum thiol protease (SCTP or cathep-
sin L2), and cathepsin D and E are enzymes that 
play an important role in this process. Most of 
these enzymes are synthesized inside the lamel-
lar bodies as proenzymes and become activated 
when they are secreted into the intercellular 
space. Their proteolytic activity is regulated by 
the water content, lipid content, and pH of the 
intercellular microenvironment.  

22.1.6     Infl uence of Environmental 
Humidity on Stratum 
Corneum Differentiation 

 The environment infl uences the structure and 
functions of the stratum corneum and can induce 
xerosis or dry skin. It is well known that a 
decreased amount of epidermal ceramides and 
fatty acids—mainly in winter—with low air 
humidity induces dry skin. Dryness activates the 
mechanisms required to restore epidermal bar-
rier function. Also, epidermal fi laggrin is hydro-
lyzed in a humidity-sensitive fashion to its 
constituent amino acids and their deiminated 
carboxylic acid derivates, the NMF. This process 
normally begins as environmental humidity 
declines below 80 % and accelerates as humidity 
continues to decline [ 17 ]. Exposure to low 
humidity conditions induces synthesis of epider-
mal DNA and interleukin 1 [ 16 ]. Dry skin can be 
improved or, on the contrary, exacerbated by 
environmental seasonal changes [ 16 ].   
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22.2     Dry or Xerotic Skin Shows 
an Impaired Barrier Function 

 Xerosis and the disruption of normal skin func-
tion can occur when the epidermal water level 
falls below 10 % [ 18 ]. The stratum corneum 
maintains a water gradient between its inner-
most layer (where the water content is the same 
as that of the deeper skin layers) and its outer 
surface, which is in direct contact with the 
atmosphere. The level of hydration is modifi ed 
by water diffusion from the dermis to the epi-
dermis, water diffusion within the stratum cor-
neum, and water loss through superfi cial 
evaporation. The skin’s water content is made 
up of transepidermal water and retained water. 
Transepidermal water originates from circulat-
ing blood, migrates through the dermis into the 
epidermis, and eventually evaporates from the 
surface of the skin. This movement of water 
plays a key role in the supply of nutrients to the 
epidermis. The water retained in the stratum 
corneum is located between the lipid bilayers 
and inside the corneocytes. This static water 
content maintains the mechanical properties of 
the cornifi ed layer, increases the plasticity of the 
epidermis, and enhances the hydrophilic proper-
ties of keratin. 

 The stratum corneum should prevent the loss 
of fl uids and electrolytes from the skin, through 
the structure and function of its lipids, proteins, 
and cells. The recovery of the barrier function 
after an acute depletion of the stratum corneum 
lipid content is based on the reconstitution of 
the lipid-enriched intercellular substance, a 
process involving two distinct stages: an initial 
short phase and a second longer phase. To start, 
the response is fast, and the lamellar bodies’ 
content is released in the stratum granulosum 
[ 5 ]. The synthesis of new lipids (ceramides, 
cholesterol, and fatty acids) is slower, involving 
enzymes that govern lipid formation. HMG-
CoA reductase and acetyl-CoA carboxylase are 
the enzymes involved in cholesterol synthesis. 
Fatty acid synthase and serine palmitoyltrans-
ferase play a role in ceramide synthesis [ 5 ]. The 
inhibition of the enzymes involved in the syn-
thesis of cholesterol, fatty acids, ceramides, and 

glucosylceramides delays the recovery of bar-
rier function by causing a decline in the produc-
tion and excretion of lamellar bodies, which in 
turn disrupts the formation of intercellular lipid 
bilayers [ 5 ]. 

 The mixture of the required lipids in the cor-
rect proportions is essential for the reconstitution 
of the epidermal lipid bilayers. Topical applica-
tion of only one or two of the three lipids required 
to maintain the intercellular barrier (ceramides, 
cholesterol, and fatty acids) could be detrimental 
to the quality of the bilayers. However, the topi-
cal application of a mixture of the three lipids in 
the correct proportions accelerates the repair of 
the epidermal barrier. It has been reported that 
physiologic lipids applied to the skin pass through 
the stratum corneum and are taken up by the 
lamellar bodies in the stratum granulosum. This 
implies that topical application of more physio-
logic lipids would contribute to the repair of the 
epidermal barrier, as they would not only form an 
occlusive layer on the skin but would also deliver 
the raw materials required to create new lamellar 
bodies [ 5 ].  

22.3     Molecular Signals Involved 
in the Recovery of the 
Epidermal Homeostasis 

 Corneocyte protein expression and the stratum 
corneum homeostasis are regulated by nuclear 
hormone receptors (NHRs) and their ligands. 
Type I NHRs, which are steroid hormones (glu-
cocorticoids, androgens, and estrogens), regulate 
skin permeability in newborn infants and the 
homeostasis of the epidermal barrier in adults. 
Estrogens and glucocorticoids accelerate the for-
mation of the epidermal barrier, while androgens 
delay this process. Type II NHRs bind to thyroid 
hormone, retinoic acid, and 1,25 (OH)2vitamin 
D 3 . This group also includes another type of 
receptor (called lipid-sensing receptors) that 
binds to endogenous lipids (free fatty acids, leu-
kotrienes, prostanoids, and oxygenated sterols) 
to induce development of fetal skin and kerati-
nocyte differentiation. These lipid-sensing recep-
tors also act on the intercellular matrix, regulating 
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the synthesis of corneocyte proteins (involucrin, 
loricrin, and TGase 1) and epidermal lipids. Their 
function is not restricted to the regulation of the 
physiologic composition of the stratum corneum 
as they can also correct anomalies in the epider-
mal barrier and reduce epidermal hyperplasia 
and dermal infl ammation. For this reason, these 
receptors may have some potential as therapeutic 
agents in a number of skin diseases [ 5 ]. 

 Lipid synthesis in the stratum corneum is pre-
cisely regulated. The formation of cholesterol 
and fatty acid is modulated by a group of sterol 
regulatory element-binding transcription factors. 
Type 2 binding protein regulates the formation 
of cholesterol and fatty acids in the corneocytes, 
while type 1 protein regulates fatty acid synthe-
sis [ 5 ]. Ceramide synthesis is mainly modulated 
by serine palmitoyltransferase and by the avail-
ability of its substrate—palmitic acid—a product 
of fatty acid synthesis. The expression of serine 
palmitoyltransferase increases by infl amma-
tory stimuli, such as ultraviolet radiation, cer-
tain endotoxins, and cytokines (tumor necrosis 
factor and interleukin 1). Expression of certain 
cytokines, growth factors, and other infl amma-
tory mediators also intervenes in the homeostasis 
of the epidermal barrier and can disrupt barrier 
function in some skin diseases. Certain cytokines 
induce the synthesis and proliferation of lipids in 
the keratinocytes [ 5 ].  

22.4     Epidermal Desquamation 
and Xerosis 

 Desquamation is a specifi c consequence of the 
epidermal turnover. Correct desquamation is as 
important as the physiologic cornifi cation pro-
cess. The appearance of dry skin can be the con-
sequence of an abnormal desquamation. The cells 
detach from the epidermis as a result of the deg-
radation of the corneodesmosomes induced by 
proteases. The most important enzymes involved 
in the desquamation are the stratum corneum 
chymotryptic and tryptic enzymes (also called 
kallikrein 7 and kallikrein 5, respectively). The 
tryptic enzyme and the chymotryptic enzyme act 
directly on the corneodesmosomes. The activity 

of the chymotryptic enzyme is regulated by the 
tryptic enzyme, the epidermal lipids (cholesterol 
sulfate and free fatty acids), and other lipids. Its 
activity is also regulated by certain stratum cor-
neum conditions as acid pH, decreased hydration, 
and low calcium levels that inhibit chymotryptic 
enzyme activity. Disruption of the epithelial bar-
rier eliminates the inhibiting interstitial lipids, 
thereby increasing its water and calcium content 
and pH. This in turn leads to enhanced chymo-
tryptic enzyme activity and, consequently, an 
increase in desquamation. A number of anti-
proteases have been identifi ed that inhibit the 
activity of the proteases that facilitate epidermal 
desquamation (Table  22.1 ). Secretory leuko-
cyte protease inhibitor (antileukoprotease) and 
skin-derived antileukocyte proteinase (elafi n) 
are complementary. Antileukoprotease mainly 
inhibits chymotryptic enzyme activity, while 
skin-derived antileukocyte proteinase inhibits the 
tryptic enzyme. Both antileukoprotease and anti-
leukocyte proteinase have a low baseline expres-
sion, which increases in psoriasis, during tissue 
scar formation, and when the epidermis is dam-
aged. A defect in protease inhibitor function can 
give rise to structural anomalies in the lamellar 
membrane similar to those found in Netherton 
syndrome [ 5 ]. The balance between protease and 
inhibitor activities controls desquamation and 
thereby the number of corneocyte cell layers in 
the stratum corneum. Excess of protease  activity 

   Table 22.1    Substrates and inhibitors of the proteases 
involved in epidermal desquamation   

 Protease  Substrate  Antiprotease 

 SCTE  Desmoglein 1, 
pro-SCCE 

 LEKTI-1 

 SCCE  Desmocollin 1, 
corneodesmosin 

 SDALP, SLPI, 
LEKTI-1 

 Stratum 
corneum 
cysteine 
protease 

 Desmocollin 1, 
corneodesmosin 

 Cystatin E/M, 
cystatin a, 
SLPI 

 Cathepsin G  Desmocollin 1, 
corneodesmosin 

 SLPI 

   Abbreviations :  LEKTI - 1  serine proteinase inhibitors, 
 SCCE  stratum corneum chymotryptic enzyme,  SCTE  stra-
tum corneum tryptic enzyme,  SDALP  skin-derived anti-
leukocyte proteinase (elafi n),  SLPI  secretory leukocyte 
protease inhibitor (antileukoprotease)  
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can lead to stratum corneum thinning, while 
reduced protease activity can lead to stratum cor-
neum thickening. The accumulation of corneo-
cytes on the surface of the stratum corneum leads 
to the condition termed “dry skin.” Reductions 
in enzyme activities, together with retention of 
corneodesmosomes in the upper layers of the 
stratum corneum, induce “dry skin” that can be 
observed in pathologic conditions such as psoria-
sis or noneczematous atopic xerosis [ 19 ].

22.5        Etiologic Factors Involved 
in Xerosis 

 Xerosis or dry skin can be the consequence of 
internal and external trigger factors to which 
any individual can be exposed (Table  22.2 ) [ 16 ]. 
Specifi c mechanisms can impair or disrupt stra-
tum corneum barrier function as defective lipids, 
impaired ceramide synthesis, or reduced NMF 
levels. Deterioration of ceramide synthesis in 
the stratum corneum tends to perpetuate the dry 
skin cycle by disrupting lipid bilayer structure, 
 inducing dysfunctional keratinocyte differentiation 

and  amplifying the infl ammatory response [ 20 ]. 
A number of authors have observed ceramide defi -
ciencies in the healthy skin of patients with atopic 
diathesis, a fi nding that suggests that this popula-
tion may have a predisposing factor for constitu-
tional xerosis [ 20 ]. In both xerosis skin and AD, 
besides alterations in lipid levels, changes also 
occur in the composition of NMF and in the free 
amino acid content of the stratum corneum. A rela-
tionship between certain genetic abnormalities and 
AD has recently been reported, and mutations in the 
 FLG  have been identifi ed in atopic patients from a 
number of different geographical areas [ 21 ]. Low 
levels of fi laggrin have also been described in aged 
skin from healthy subjects, which supports the role 
played by this protein in the genesis of increased 
dry skin suffered by old people [ 22 ].

   Environmental factors can also infl uence the 
composition of NMF. For example, a decrease in 
air humidity has been shown to reduce the gen-
eration of free amino acids in the stratum cor-
neum, increasing skin dryness [ 23 ]. 

 The reduction in intercellular lipid content and 
NMF that characterizes xerosis is both a cause and a 
consequence of abnormal epidermal differentiation. 
In fact, disruption of epidermal differentiation per-
petuates the phenomenon of dry skin. As mentioned 
above, disruption of the epidermal barrier activates 
a metabolic response directed toward recovering 
epithelial homeostasis and reestablishing normal 
corneocyte differentiation. The main response is an 
increase in the biosynthesis of lipids, such as choles-
terol, ceramides, and fatty acids. Slight disturbances 
of barrier function usually only affect the superfi cial 
epidermis, but repeated or severe damage gives rise 
to an infl ammatory response that involves the deeper 
epidermal layers and even the endothelium [ 24 ,  25 ]. 
These phenomena give rise to abnormal keratiniza-
tion and close the cycle that perpetuates the lesions.  

22.6     Diseases and Skin 
Conditions Characterized 
by Xerosis 

 Dry skin is often the result of a combination of 
etiologic factors, in particular genetic abnormali-
ties, but also metabolic and environmental trig-
gers. The following are the most important skin 
diseases in which dry skin may be a symptom. 

   Table 22.2    Etiologic factors involved in development of 
dry skin or xerosis   

 Inherited predisposition 
 Age 
 Comorbid diseases 
  Atopic dermatitis 
  Psoriasis 
  Hypothyroidism 
  Intestinal malabsorption 
 Related to environmental conditions 
  Temperature 
  Humidity 
  Exposure to sunlight 
  Air conditioning 
  Heating 
 Related to chemical agents 
  Soaps and bath gels 
  Lotions and perfumes 
  Detergents 
  Pharmacotherapy 
 Related to physical insult 
  Friction 
  Abrasion 
  Radiation 
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22.6.1     Winter Xerosis 

 Cold weather and low ambient humidity during 
winter months are associated with decreased 
cutaneous hydration [ 26 ,  27 ]. Winter xerosis is 
aggravated by the warm, dry air produced by 
modern central heating systems [ 2 ] (Fig.  22.1 ).

22.6.2        Aged Skin 

 It is estimated that generalized or diffuse xerosis 
affects 75 % of individuals over 75 years of age 
and is the most common cause of itch in this age 
group. While dry skin in older people is usually 
fi rst noted on the lower limbs, the disorder may 
spread to other areas of the body (Fig.  22.2 ). Itch 
is often more intense at night and after a hot bath. 
Changes in temperature, low air humidity, or 
exposure to solvents or detergents may worsen 
the dry skin. While there are many possible 
causes of dry skin in older people, the most com-
mon mechanism involved is a lower rate of epi-
dermal proliferation compared with normal skin 

[ 28 ]. Skin aging involves other physiologic 
changes that may induce xerosis. Age-related 
changes in the collagen decrease skin elasticity 
and increase dryness sensation. The decline in 
gonadal and adrenal androgens is associated with 
decreased synthesis of sebum and cutaneous 
ceramides. Levels of fi laggrin, the protein from 
which the components of NMF are derived, are 
also lower in aged skin [ 2 ].

22.6.3        Atopic Dermatitis 

 AD is a chronic infl ammatory skin disorder char-
acterized by recurrent outbreaks of symmetrical 
and bilateral eczema on the fl exural surfaces of the 
body accompanied by severe pruritus. It is consid-
ered the fi rst step of the atopic march that is associ-
ated with later development of allergic rhinitis and 
asthma. It is a multifactorial condition associated 
with genetic abnormalities that give rise, among 
other things, to immunological imbalance. Initial 
symptoms include dry skin and intense pruritus 
(Fig.  22.3 ). The isolated genetic component alone 

  Fig. 22.1    Dry skin in a young adult during wintertime       

  Fig. 22.2    Dry skin in older people is usually fi rst noted 
on the lower limbs, and the disorder may spread to other 
areas of the body, such as the arms       
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is not suffi cient to cause the characteristic symp-
toms, and genetically predisposed individuals 
must be exposed to certain environmental antigens 
that promote disruption of the epidermal barrier 
and the manifestation of the disease [ 29 ]. These 
patients usually have a personal or family history 
of immunological processes related to immuno-
globulin E. The skin of patients with AD is char-
acterized by low ceramide levels [ 2 ], increased 
transepidermal water loss [ 30 ], and decreased 
water-binding capacity [ 31 ]. The unaffected skin 
of patients with AD has also been reported to 
have abnormally low levels of ceramides 1 and 
3, molecules rich in polyunsaturated fatty acids, 
and  particularly linoleic acid. It has recently been 
shown that the genetic predisposition to atopy 
also favors overexpression of stratum corneum 
chymotryptic enzyme and consequent disruption 

of the epidermal barrier as a result of premature 
corneodesmolysis. Detergents and topical corti-
costeroids increase the expression of this protease 
and contribute to the chronicity of the disease [ 29 ]. 
 FLG  null mutations (e.g., R501X and 2282del14) 
have been identifi ed in as many 50 % of patients 
with moderate to severe AD in European popula-
tion and 20 % in Asian population. These non-
sense mutations signifi cantly decrease fi laggrin 
expression in the skin. The development of AD is 
common in  FLG  mutation carriers. Skin NMF is 
of signifi cantly different composition in patients 
with AD with  FLG  mutations versus those with-
out. Many patients suffering from severe AD do 
not carry mutations in the  FLG , but the atopic 
response itself (Th2 cytokines) modulates decreas-
ing  keratinocyte expression of fi laggrin. Patients 
with  FLG  null mutations show increased tran-
sepidermal water loss. This fact supports a barrier 
dysfunction induced by poor fi laggrin function 
rather than infl ammation causing barrier defects. 
Treating barrier dysfunction of AD proactively 
with effective emollients will benefi t the prognosis 
of atopy [ 32 – 35 ].

22.6.4        Ichthyosis 

 Ichthyosis is a family of genetic skin disorders 
characterized by xerosis or dry skin. Different epi-
dermal defects are responsible for the different 
types of ichthyosis (Figs.  22.4  and  22.5 ). Ichthyosis 
vulgaris is characterized by abnormalities in the 
formation of keratohyalin granules and, conse-
quently, in fi laggrin. Immunostaining of ichthyosis 
vulgaris skin biopsies showed a reduction in fi lag-
grin protein expression and a reduction in profi lag-
grin mRNA within the keratinocytes [ 33 ]. The 
initial two loss-of-function mutations (R501X and 
2282del14) were thus identifi ed in the fi rst repeat 
of  FLG  exon 3 [ 36 ]. Population-specifi c as well as 
recurrent  FLG  mutations were described (e.g., 
Q2147X, E2422X, R4307X in Singapore [ 37 ]). 
This abnormality leads to the formation of a stra-
tum corneum defi cient in many of the components 
of the NMF. Impaired corneodesmolysis caused by 

  Fig. 22.3    Initial symptoms of atopic dermatitis include 
dry skin and intense pruritus       
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defective water binding in the stratum corneum and 
alterations in skin pH give rise to visibly abnormal 
desquamation. X-linked recessive ichthyosis is 
characterized by the presence of large scales. This 
condition is caused by a steroid sulfatase defi ciency 

that leads to an accumulation of cholesterol sulfate 
and a reduction in cholesterol levels in the stratum 
corneum [ 38 ]. These anomalies give rise to an 
abnormal intercellular lipid profi le that increases 
intercellular cohesion. The accumulated choles-
terol sulfate inhibits some of the proteases involved 
in desquamation [ 39 ] and contributes to the abnor-
mal retention of corneodesmosomes. No infl am-
matory or repair mechanisms are triggered. 
Treatment with moisturizers does not have any 
major impact on the skin barrier properties [ 40 ].

22.6.5         Hand Eczema 

 Dermatitis of the hands can be caused by con-
tact with active ingredients that irritate the skin. 
Although anyone can suffer from irritant contact 
dermatitis contacting with the irritant substance in 
a dose-dependent manner, it is most often found in 
individuals with constitutional impairment of the 
barrier function, such as patients with AD, espe-
cially those showing  FLG  null mutations [ 41 ]. Wet 
work is a risk factor by itself that can be respon-
sible for epidermal barrier disturbance. People 
who suffer from AD show a reduced threshold of 
irritancy and, when exposed to water in an occupa-
tional setting or not, easily develop irritant contact 
dermatitis. Xerosis, desquamation, and cracked or 
fi ssured skin involve especially the palms [ 42 ]. I 
should specifi cally mention the signifi cant asso-
ciation recently observed between  FLG  mutation 
and fi ssured skin on the hands and/or fi ngers in 
adults but with a nearly signifi cant interaction with 
AD, suggesting that the effect occurred predomi-
nantly in subjects without AD [ 43 ,  44 ].   

22.7     Topical Treatment 
of Dry Skin 

 The basis of the treatment of xerosis or dry skin 
is epidermal rehydration—repairing barrier func-
tion by applying lipids similar in composition 
and in similar concentrations to the physiologic 
lipids present in the skin. 

  Fig. 22.4    Ichthyosis is a family of genetic skin disorders 
all characterized by xerosis or dry skin       

  Fig. 22.5    Squamous dry skin characteristic of lamellar 
ichthyosis       
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22.7.1     General Care 

 Some recommendations should be followed to 
ensure appropriate care of the skin. In addition to 
proper hygiene, the condition of the skin is also 
related to nutrition and physical exercise. A bal-
anced diet is recommended because this guaran-
tees the nutritional intake required to maintain 
epidermal homeostasis. Most nutritional defi -
ciencies are clearly manifested with dry skin 
(e.g., essential fatty acid defi ciency syndrome). 
Physical exercise stimulates blood circulation, 
thereby increasing the transfer of nutrients and 
oxygen to the keratinocytes. It also favors epithe-
lial regeneration, strengthens connective tissue, 
and increases collagen production. The skin bar-
rier is susceptible also to the damaging effects of 
agents that accelerate skin aging, such as tobacco 
[ 2 ], alcohol, and solar radiation. Nicotine induces 
capillary constriction, which reduces blood fl ow 
and favors the storage of harmful substances in 
the skin. Table  22.3  shows basic skin care 
guidelines.

22.7.2        Specifi c Skin Care Regimens 

 Some additional measures can enhance the effi -
cacy of the treatments. Patients should avoid 
rubbing or sponging the skin during baths. The 
use of smooth soaps without irritant ingredients 
is recommended. After bathing, oil or hydrating 
cream should be applied immediately, prevent-
ing transdermal water loss as a consequence of 
the immediate change of body temperature. 
Many moisturizing lotions can be applied over 
wet skin. Toweling the skin thoroughly could 
favor intercellular lipid loss and hamper the 
reconstitution of skin balance. Perfumed 
colognes, creams, and lotions are not recom-
mended, especially if they contain alcohol. 
Topical solvents by themselves can eliminate 
skin’s natural lipids from the stratum corneum, 
making the skin very dry. Soft fabrics, preferably 
natural materials such as cotton, are useful to 
minimize friction that could exacerbate the xero-
sis. Any detergents or fabric softeners used in 
laundry should be products specifi cally designed 

to be gentle on the skin and preferably those 
guaranteed to be suitable for sensitive skin [ 2 ]. 
Tight clothing may aggravate dry skin through a 
combination of physical aggression (rubbing) 
and constriction that could limit blood circula-
tion and interfere with the proper delivery of 
oxygen and nutrients to the skin.  

22.7.3     Topical Treatment 

 In addition to these measures aimed at maintaining 
the skin in optimum condition, dry skin will also 
benefi t from the topical application of the com-
ponents required by the epidermis to reestablish 
normal keratinocyte differentiation. Specialists cur-
rently advocate the usefulness of applying topical 
treatments containing active ingredients that rapidly 
penetrate the epidermis to stimulate the produc-
tion pathways of intercellular lipids. This “inside 
out” approach, compared to the traditional “outside 
in” approach, appears to produce more effective 
therapeutic outcomes [ 2 ]. The topical preparations 
designed to treat dry skin are emollient or hydrat-
ing substances in preparations such as lotions 
or creams, that is, oil-in-water (O/W) emulsions 
(higher concentration of oil than water) or W/O 
emulsions (higher concentration of water than oil). 
I discuss in the following sections the mechanisms 
of action of different active principles. The main 
objective will be to restore epidermal homeostasis. 

22.7.3.1     Repair of the Lipid Barrier 
 Lipids are the essential ingredients in formulations 
used to treat dry skin. The delivery of water alone 
will not repair the lipid barrier; natural physiologic 
lipids (cholesterol, ceramides, and fatty acids) must 

   Table 22.3    Basic recommendations for skin care and 
hydration   

 Drink suffi cient water 
 Eat a varied and balanced diet including plenty of fruit 
and vegetables 
 Avoid smoking, alcohol consumption, and direct 
exposure to sunlight 
 Take regular moderate exercise 
 For daily hygiene use soaps that have an acid pH and 
contain humectants 
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also be supplied [ 2 ]. Non- physiologic lipids are not 
recommended because they do not contribute to the 
reconstitution of the fatty bilayers [ 2 ,  43 ]. The 
main lipid components found in the epidermis are 
ceramides (50 %) and cholesterol derivatives 
(25 %). The physiologic lipids have several advan-
tages over non- physiologic molecules: they are not 
occlusive, they penetrate the stratum corneum 
more easily, they gain better acceptance from 
patients because they are natural, and they restore 
proper epidermal differentiation. In short, physio-
logic lipids, such as the ceramides, act as structural 
elements in the epidermal barrier and mediate the 
stimuli that trigger epidermal repair [ 2 ,  45 ].  

22.7.3.2     Supply and Retention of 
Water in the Stratum Corneum 

 We should differentiate between “humectant” 
and “hydrating” molecules. Humectants are 
substances that attract and retain water [ 2 ]; they 
play a passive role from the outside. A hydrat-
ing substance, however, is one that plays an 
active role in supplying and restoring water to 
the skin. Humectants are generally hygroscopic 
substances, such as glycerin or propylene gly-
col, while hydrating agents or moisturizers are 
complex mixtures of active ingredients or spe-
cial combinations of amino acids. The inclu-
sion of a humectant, such as glycerol or urea, as 
an active ingredient in a topical treatment for 
dry skin is based on the scientifi c evidence that 
humectants are capable of correcting defects in 
skin elasticity and barrier function when these 
defi ciencies are not related to lipid loss [ 2 ,  46 ]. 
Glycerol plays a crucial role in keeping the 
stratum corneum hydrated: changes in aquapo-
rin-3, an epidermal water/glycerol transporter, 
lead to decreased hydration and loss of skin 
elasticity that can be corrected by the topical 
application of glycerol [ 2 ]. It is therefore rec-
ommended that topical moisturizers include 
glycerol.  

22.7.3.3     Alleviation of Pruritus 
 The sensation of itch induces scratching, and it 
represents a physical aggression that damages 
the epidermis. When the patient stops scratch-
ing, the epidermal restoration can then start [ 2 ]. 

Topical application of certain natural agents, 
such as glycine, blocks the release of histamine 
from the mast cells, thereby helping to break 
the self- perpetuating cycle of itching-scratching 
[ 2 ]. Glycine blocks the release of histamine by 
the mast cells [ 47 ]. Other products, particularly 
corticosteroids, are also used to treat the itch, but 
topical corticosteroids show an indirect effect 
on itch when they are used to cure cutaneous 
infl ammation.  

22.7.3.4     Restoring Normal Epidermal 
Turnover 

 As the skin and its different layers are structures 
that undergo continual renewal, dry skin can be 
treated by delivering components, such as dex-
panthenol, that stimulate and accelerate the pro-
cess of epidermal regeneration. Dexpanthenol 
promotes fi broblast proliferation and migration 
and stimulates intracellular protein synthesis [ 2 ], 
while hydroxy acids facilitate desquamation and 
improve lipid biosynthesis [ 16 ].  

22.7.3.5     Active Ingredients for the 
Topical Treatment of Xerosis 

 Topical preparations for the treatment of dry skin 
should contain molecules that activate the epider-
mal regeneration process and restore the lipid 
content of the horny layer [ 2 ]. It is essential to 
choose the most suitable excipient for the area of 
the skin to be treated (Table  22.4 ) [ 2 ]. The ideal 
formulation would contain physiologic lipids 
(ceramides, cholesterol), a physiologic humectant 
(glycerol), an anti-itching agent (glycerol), and a 
component that enhances epidermal differentia-
tion (dexpanthenol) [ 2 ].

   Humectants are natural oily substances that do 
not intervene in the metabolic processes of the skin 
but rather act passively by preventing excessive 

   Table 22.4    Proposed hydrating preparations used to 
treat xerotic skin under different conditions   

 Facial area  Water-rich cream 
 Limbs and folds  Lipid-rich ointment 
 Acute eczema  Water-rich cream, solutions 
 Chronic eczema  Lipid-rich ointments and unguents 
 Summer  Water-rich cream 
 Winter  Lipid-rich ointment 
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    Table 22.5    Substances included in topical preparations for the treatment of xerosis   

 Type  Compound  Characteristic 

 Humectants  Hydrocarbons  Mineral oils, such as paraffi n and Vaseline 
 Fatty oils and alcohols 
 Colloid substances  Some are hygroscopic, such as the cellulose derivatives (ethyl 

cellulose), natural polymers (xanthan gum), and synthetic 
polymers (carbopol) 

 Silicones  No strong smell 
 Not comedogenic 
 Excellent tolerance 
 Nongreasy formulations 

 Hydrating agents  Polyols  Highly hydrating 
 Restore the fl exibility of the cornifi ed layer 
 Prevent crystallization of lipids 
 Promote corneodesmolysis 
 Examples: glycerol, sorbitol, propylene glycol 

 Urea  A component of natural moisturizing factor 
 Highly hygroscopic and good exfoliating qualities 

 Reconstituted natural 
moisturizing factor 

 Mixture of amino acids, sodium lactate, lactate acid, citrate, and 
others 
 Repairs the upper layers of the stratum corneum with a hydrating 
action similar to that of natural moisturizing factor 

 Hyaluronic acid  Creates a barrier layer 
 High capacity to hydrate the stratum corneum 
 Restores the fl exibility and elasticity of the skin 
 Well tolerated by skin 

 Relipidating active 
ingredients 

 Ceramides  Facilitate epidermal differentiation by reestablishing ingredients 
of the cellular lipids 

 Cholesterol  Ensures the availability of this natural lipid in the stratum 
corneum to facilitate regeneration and epidermal differentiation 

 Essential fatty acids  Provides consistency and cohesion in the stratum corneum 
 Anti-infl ammatory, immunogenic, and antimicrobial activity 
 Principal fatty acids: linoleic, g-linoleic, and arachidonic acid 
 Fatty acids are found in vegetable oils, such as evening primrose, 
shea, jojoba, borage, olive, wheat germ, and sunfl ower 

 Other active 
ingredients 

 Oats  Complex composition: very rich in water, proteins, glucides, 
lipids, mineral salts, and vitamins 
 Hydrating, restructuring, antipruritic, and anti-infl ammatory 
 Improves the compatibility between the components in the 
preparation 

 Allantoin  Conditioning, hydrating, and keratoplastic 
 a-Bisabolol  Anti-infl ammatory, emollient, and bactericidal 
 Aloe vera  Soothing and emollient 
 Glycyrrhetic acid  Anti-infl ammatory and emollient 

   Source : From Barco et al. [ 51 ]; with permission of the author and the publisher  

water loss. They can be classifi ed according to gen-
eral chemical categories: hydrocarbons, oils and 
fatty alcohols, colloid substances, and silicones. 

 Moisturizers or hydrating agents play an 
active role in the process of maintaining the water 

balance of the stratum corneum and are listed in 
Table  22.5 .

   Active relipidating agents supply the compo-
nents the skin needs to balance the composition of 
the interlamellar lipid bilayers. In dry skin, the 

A.M. Gimenez-Arnau



247

fatty acid content of these layers is low, and 
ceramide content is impaired and should be 
restored. 

 Some topical formulations for dry skin 
include an active ingredient that stimulates cell 
proliferation and lipid synthesis. One example 
of this type of component is dexpanthenol, a 
precursor of pantothenic acid and a constitu-
ent of coenzyme A [ 2 ]. It has been observed 
that pantothenic acid increases the prolif-
eration and migration of fi broblasts [ 48 ] and 
stimulates intracellular protein synthesis [ 49 ]. 
Dexpanthenol has been used for some time to 
enhance skin barrier function in a number of 
different situations, including dermal regenera-
tion following skin graft extraction and after 
x-ray irradiation [ 50 ]. 

 Table  22.5  lists other active ingredients that 
play a role in restoring the xerotic stratum cor-
neum [ 51 ].    

    Conclusion 

 Dry skin or xerosis management shows 
a global and multidisciplinary interest. It 
is a very common disorder in the general 
population showing a broad clinical spec-
trum between an uncomfortable skin status 
and disease. Xerosis can occur in healthy 
individuals at any age when several predis-
posing factors coincide. While the patho-
physiology of this process is complex, 
disruption of normal epidermal differentia-
tion is always present. This fact gives rise 
to an imbalance in water content in the stra-
tum corneum and an impaired barrier func-
tion. Recent advances in our understanding 
of cutaneous homeostasis allow advocating 
an “inside out” approach to the treatment 
of xerosis complementary to the classic 
therapeutic approach. The  development 
of clinical studies that could contribute to 
increase the level of evidence of the avail-
able treatments would be desirable. Still 
new and more effective topical treatments 
are needed, including active principles act-
ing through concrete mechanisms with the 
objective of maintaining and restoring nor-
mal homeostasis of the epidermis.     
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        This chapter reviews evidence regarding the 
association between fi laggrin gene ( FLG ) null 
mutations and allergic contact dermatitis (ACD) 
and contact allergy (CA), respectively. Hence, 
immediate-type hypersensitivity underlying con-
tact urticaria, protein contact dermatitis, and 
extrinsic atopic eczema/dermatitis (AD) syn-
drome are not covered. After a brief defi nition of 
CA and ACD, the methods for retrieving evi-
dence are described, an essential extract of avail-
able original data tabulated and discussed, fi nally 
arriving at a conclusion, which is considered 
valid at the time of writing. Obviously, new evi-
dence in this emerging fi eld of research will need 
to be considered in the future. 

23.1     Defi nitions and Background 

 Contact allergy (CA, regarded here as synony-
mous with contact sensitization) is an acquired 
alteration of the immune system. CA occurs after 
an individual has been suffi ciently exposed to a 
substance for sensitization to take place. While 
not all factors determining why a certain individ-
ual gets sensitized while another individual, 
exposed to a similar extent, does not get sensi-
tized are fully understood, the general principle is 
well explored. Briefl y, to be able to sensitize, the 
xenobiotic substance must be able (1) to pene-
trate the epidermal barrier; (2) to bind to skin (or, 
much more rarely, to mucous membrane) pro-
teins, acting as a hapten, forming a full antigen 
with the protein; and (3) to mount a suffi cient 
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activation of the dendritic cells and lymphocyte 
subsets involved, including a probably nonspe-
cifi c “danger signal.” Components of both adap-
tive and innate immune systems are involved in 
this process [ 1 ,  2 ]. Recently, immunoregulation 
by regulatory T cells (Treg) has been identifi ed as 
a major component of the sensitization process 
[ 3 ]. For a detailed description of this process, 
which is beyond the scope of this chapter, see, for 
example, the reviews cited above or [ 4 ]. 
Sensitization is not a “pass or fail” process, but a 
graded phenomenon, depending, among other 
factors, very much on the dose per area of expo-
sure and on repetition of exposures: the higher 
the exposure dose is, not only the more likely the 
individual is to become sensitized but also the 
more intense the sensitization will be [ 5 ]. With 
repeated dosing, a super-additive effect has been 
noted [ 6 ]; that is, a few small doses that would 
not suffi ce to sensitize if given alone, and much 
less likely if given in one total dose, result in a 
rate and intensity of sensitization as achieved by 
one single dose massively exceeding the cumu-
lated dose. 

 From this background, any alteration of the 
epidermal barrier facilitating allergen penetra-
tion, or protein binding, will have an impact on 
sensitization risk. Of interest, infl ammatory cyto-
kines may alter the metabolism of pro-fi laggrin to 
fi laggrin, and the degradation of fi laggrin to the 
natural moisturizing factor (e.g., [ 7 ,  8 ]), thereby 
contributing to epidermal barrier disturbance. In 
a murine model, homozygous ( FLG -/-) mice had 
been created and exhibited exaggerated responses 
both to irritant exposure to croton oil and to hap-
ten exposure to DNFB (2,4- dinitrofl uorobenzene) 
[ 9 ]. In these mice, increased penetration of Cr(III) 
ions to viable layers of the epidermis has been 
demonstrated, compared to wild type, apparently 
due to functional defects in the lower stratum 
corneum [ 10 ]. Also the commonly used fl aky tail 
mouse ( ft/ft ), effectively lacking fi laggrin, was 
more easily sensitized to the experimental hapten 
oxazolone [ 11 ]. 

 After successful induction of a certain level 
of CA, ACD may develop after suffi cient reex-

posure to the hapten (allergen) after weeks, 
months, or years. Sometimes, especially in case 
of massive accidental exposure (e.g., spills), the 
elicitation phase will follow induction within a 
few days. Generally, ACD is an infl ammatory 
reaction of the epidermis and dermis [ 4 ]. In the 
acute stage, erythema, infi ltration, vesicles, and 
possible oozing, with usually intense pruritus, 
are observed. Secondary infection, crusting, 
and erosion may occur. After chronic expo-
sure or when acute ACD is starting to subside, 
the exudative reaction lessens, and secondary 
lesions, such as lichenifi cation, hyperkeratosis, 
fi ssures, and scaling, are observed. Often, the 
site of ACD may give a substantial clue regard-
ing the offending agent. Conversely, in chronic 
dermatitis, particularly hand eczema, which may 
be of mixed etiology, it may be very diffi cult to 
derive valuable clues from the patient’s history 
and presentation. 

 The essential tool for diagnosing CA is patch 
testing [ 4 ]. Usually, patients suspected of having 
ACD, but also patients with long-standing der-
matitis (eczema), including primarily irritant, 
atopic, or occupational eczema, or mixtures 
thereof, with the least suspicion of additional, 
secondary ACD, are eligible for patch testing. 
Guidelines for this diagnostic procedure exist [ 4 ], 
aiming at standardized application of allergen 
preparations and classifi cation and interpretation 
of test results. Test series are under constant revi-
sion to achieve adaptation to changing allergen 
exposure patterns in the patients. Patch test 
results from single departments, national net-
works [ 12 ], or from international networks [ 13 ] 
are published to serve the purpose of CA surveil-
lance, identifying targets of further in-depth 
research and preventive action, respectively.  

23.2     Methods of Retrieval 
of Evidence 

 The Medline (PubMed) database was searched 
using the following search string: “fi laggrin 
AND contact AND (allergy OR sensitization)” 
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(37 hits). An additional search in ISI Web of 
Science and reference lists of already identifi ed 
publications yielded fi ve additional publica-
tions eligible for screening. Screening of the 
full text excluded 30 publications with a differ-
ent focus as well as reviews or comments. 
Therefore, altogether, 12 publications in terms 
of (clinical) epidemiological studies are the 
basis of the present review. Additional selected 
reviews, comments, and basic science publica-
tions are cited where these can provide useful 
perspectives.  

23.3     Results 

 Overall, seven original studies, and one second-
ary analysis, were identifi ed. Results from some 
of these studies have been presented in more than 
one publication. The studies are summarized in 
Table  23.1  and, regarding the Danish Glostrup III 
study, separately in Table  23.2 . Specifi c or partly 
general comments to the studies’ fi ndings are 
found below the tables as annotations.

    Another analysis of the Glostrup III study 
data not included in Table  23.2  identifi ed a some-
what (if not signifi cant) shorter time between 
piercing and onset of nickel dermatitis, accord-
ing to a Kaplan-Meier analysis in participants 
with  FLG  null mutation (more pronounced in 
men than in women) in a sex-stratifi ed analysis 
restricted to participants without ear piercing 
[ 26 ]. Furthermore, a nonsignifi cant association 
between  FLG  status and strength of patch test 
reaction to nickel (++/+++ vs. +) has been found: 
OR 2.2 (95 % CI: 0.8–6.4) [ 26 ]. 

 A general criticism on the Glostrup III study is 
that the self-administered patch test was read by 
the study physicians only once, after 48 h (D2). 
This truncated reading frame is expected to miss 
overall 35 % of positive reactions observed after 
72 h (D3), while, conversely, about 8 % of reac-
tions considered allergic on D2 were graded as 
nonallergic at D3, according to a previous analy-
sis of clinical patch test data [ 27 ]. Hence, the 

overall and the allergen-specifi c CA prevalences 
have been considerably underestimated in this 
study, the implications for risk estimation not 
being clear. 

 Notwithstanding this shortcoming, the analy-
sis provides a detailed insight by addressing vari-
ous outcomes in different subgroups (see 
Table  23.2 ). The pattern emerging from these 
results illustrates that:
•    Nickel sensitization may occur quite indepen-

dently from  FLG  mutation status, as the epi-
dermal barrier is bypassed by the most 
common sensitizing exposure via nickel- 
releasing piercing posts (“bypass hypothesis”) 
[ 26 ], and, therefore, an association is found 
preferentially in non-pierced persons. The 
results by Novak et al. [ 20 ], who found an 
overall association with nickel CA and partic-
ularly with nickel ACD, seem to be contradic-
tory to this fi nding. However, the proportion 
of non-pierced persons in their sample is 
unclear; if higher, a higher overall OR could 
be expected.  

•   The role of thiomersal in this context appears 
less well established, albeit plausible, if sensi-
tization occurs via vaccination.  

•   Some anatomical sites, such as the axilla (rel-
evant for CA to fragrances), may offer 
increased skin penetration and sensitization 
risk even in the absence of a  FLG  defect [ 28 ], 
thus lessening the impact of  FLG  mutations. 
This may explain the lack of association with 
CA to the fragrance mix.  

•   In chronic AD/hand eczema, a strong associa-
tion between  FLG  null mutations and CA risk 
had been observed in the latest series of analy-
ses [ 16 ]. Notwithstanding likely increased 
exposure to therapeutic agents and skin care 
products in these conditions, and thus 
increased risk of CA, this fi nding may indicate 
that additional infl ammation and epidermal 
barrier perturbation going along with chronic 
eczema considerably aggravate the otherwise 
limited (OR mostly <2) effect of  FLG  null 
mutation.     
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   Table 23.1    Tabulation of original studies providing information on the association between  FLG  null allele status and 
contact allergy. Results of the Glostrup III study: see Table  23.2 . OR: risk for CA (or outcome as indicated) associated 
with  FLG  mutations (either type listed), as given in original publication or recalculated from numerical results   

 Study group (effective sample 
size) 

  FLG  mutations: FLG 
null (prevalence) 

 Outcome (overall 
%)  OR (95 % CI)  Comment  Reference 

 Twin sample with HE 8 years 
earlier ( n  = 181) 

 R501X het (6.6 %)  Any CA (True 
Test) (25 %) 

 1.3 (0.5–3.4)   a,b   [ 17 ] 
 2282del4 het (6.6 %) 

 Secondary analysis of [ 17 ] and 
controls from [ 18 ] ( n  = 249) 

 [ 17 ]: see above  [ 17 ]: see above  2.9 (1.1–7.5)   a,c   [ 19 ] 
 [ 18 ], controls:  [ 18 ], controls: no 

PT  R501X het (2.4 %) 
 2282del4 het (3.6 %) 

 Population sample enriched in 
“allergic symptoms” 
(KORA-C) ( n  = 1,141) 

 R501X het (2.2 %)  Any CA (baseline 
ser.) (39.3 %) 

 1.1 (0.7–1.9)   d   [ 20 ] 
 2282del4 het (5.7 %) 
 Combined ( n  = 2, 
0.1 %) 

 Nickel CA 
(13.1 %) 

 1.9 (0.9–4.0) 

 Ni ACD (5.2 %)  4.0 (1.4–12.1) 
 Patients with chronic hand 
eczema ( n  = 122) 

 R501X het (3/122)  “ACD” (44.3 %)  1.6 (0.5–5.5)   b,e   [ 21 ] 
 2282del4 het (8/122) 

 Patients with at least one CA 
( n  = 430) 

 R501X het (5.1 %)  –  –   f   [ 22 ,  23 ] 
 2282del4 het (3.5 %) 

 Patients with chronic 
occupational ICD ( n  = 296) 

 R501X het (4.4 %)  Any CA (60 %)  0.5 (0.2–0.9)   g   [ 24 ] 
 2282del4 het (8.1 %) 

 Croatian students ( n  = 423)  R501X het (0.2 %)  Any ACD (7 %)  1.4 (0.2–11.6)   h   [ 25 ] 
 2282del4 het (2.4 %) 

   a The inclusion of nickel may have biased the overall result toward unity, as nickel – usually the most common contact 
allergen overall – may sensitize bypassing the epidermis (with or without functional alterations due to  FLG  mutations) 
via piercing holes [ 26 ] 
  b Sample size was moderate, limiting the statistical power to detect differences as signifi cant and the precision of risk 
estimates, respectively 
  c The controls from [ 18 ] are “hypernormal” in terms of excluding participants with AE or elevated IgE. Regarding the 
association between CA and  FLG , (1) this may lead to some overrepresentation of AD-associated CA in the sample 
from [ 17 ] and (2) an underrepresentation of  FLG  (associated with AD) in the latter sample [ 18 ]. Moreover, in the latter 
sample [ 18 ], no patch testing had been performed to assess CA status. Hence, it is likely that the “control” group 
included some subjects with CA, which will have biased risk estimates in the secondary analysis toward unity. It is not 
clear what the resulting effects on risk estimation might be 
  d Only nickel sensitization, if relevant in terms of intolerance of jewelry, was signifi cantly and strongly associated with 
 FLG  mutation. There had been no stratifi cation or adjustment for piercing status and AD in the study by Novak et al., 
only adjustment for age and sex [ 20 ]. Hence, the association between nickel ACD and  FLG  may have theoretically been 
confounded by AD, even though in the Glostrup III study no confounding by AD had been observed (see Table  23.2 , 
crude vs. adjusted ORs) 
  e Patch test methodology and results not given in detail; the fi nal diagnoses “chronic allergic hand dermatitis” and 
“chronic allergic and irritant hand dermatitis” were aggregated as one compound outcome observed in 54/122 patients 
  f As the patient sample included only patients with at least one CA (to the baseline series), it is not possible to estimate 
risk for this event. However, within this study group, some, albeit nonsignifi cant, if tested for heterogeneity, variation 
of nickel CA according to AD and  FLG  status, resp., was noted: the prevalence was 30.9 % in patients without  FLG  null 
mutation and without AE and 43.8 % in those with AD and  FLG  null mutation 
  g Scope of patch testing not given. The comparison of CA prevalence in  FLG  null mutation versus wild-type carriers is 
based on a particular patient sample, namely, patients with chronic irritant contact dermatitis with occupational back-
ground. Assuming that (1)  FLG  mutation carriers are more susceptible to ICD due to irritant (occupational) exposure, 
which is reasonable in view of the relatively high carrier prevalences observed, (2) ICD may have occurred before CA 
developed, and (3) particularly in  FLG  mutation carriers, the observed lower prevalence of CA in  FLG  mutation carriers 
– a unique fi nding – can possibly be explained 
  h As outcome, the combination of a positive patch test and at least two of the following symptoms (redness, itching, 
vesicles, rash) was used  
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       Table 23.2    Association between  FLG  null allele status and different contact allergy outcomes from the Glostrup III 
study, a Danish population sample, ages 18–69 ( n  = 3,335 with successful  FLG  genotyping and patch test. Effective 
sample sizes may be slightly smaller for some outcomes due to missing/invalid data). The prevalence of  FLG  mutations 
was as follows: R501X het (3.3 %), 2282del4 het (4.6 %), R501Xhom (0.1 %), and 2282del4hom (0.1 %); these fi gures 
include two patients with mixed mutation   

 Outcome  (Sub)group  Prevalence (%)  OR (95 % CI)  Adj. OR (95 % CI)  Reference 

 Any CA (True Test 
Panel 1 + 2) 

 All  9.8  1.3 (0.9–1.9)  “Not signifi cant” a   [ 14 ] 

 Ni CA  All  6.1  1.0 (0.6–1.7)  0.9 (0.5–1.6) a  
 Unpierced ( n  = 1,507)  1.1  1.8 (0.4–8.0)  – 
 Unpierced females 
( n  = 317) 

 2.8  3.7 (0.7–19)  Not shown 

 Ni ACD  All  4.4  1.1 (0.6–2.0)  1.0 (0.6–1.9) b  
 Females ( n  = 1,844)  7.8  1.1 (0.6–2.0)  1.1 (0.6–2.0) b  
 Unpierced females 
( n  = 317) 

 1.8  6.8 (1.2–39)  – 

 Fragrance mix I 
CA 

 All  1.6  0.9 (0.3–2.6)  – 

 Neomycin CA  All  0.1  11 (0.7–182)  – 
 Ethylenediamine 
CA 

 All  0.2  7 (1.7–30)  – 

 Neomycin or 
ethylenediamine 
CA 

 All  –  –  4.9 (1.1–22) c  

 Any CA (True Test 
Panel 1 + 2) except 
nickel 

 All  4.6  1.8 (1.1–2.9)  2.0 (1.2–3.5) d   [ 15 ] 

 Any CA (True Test 
Panel 1 + 2) except 
nickel and 
thiomersal 

 All  4.0  1.7 (1.03–2.9)  1.6 (0.9–2.7) e   [ 16 ] 

 As above  AD ( n  = 324)  –  –  2.1 (0.9–5.0) 
 As above  Hand eczema ever 

( n  = 716) 
 –  –  2.5 (1.1–5.6) 

 As above  AD and hand eczema 
ever ( n  = 159) 

 –  –  3.5 (1.1–11) 

 As above  AD and frequent hand 
eczema ( n  = 117) 

 –  –  5.7 (1.3–25) 

  Nickel ACD has been defi ned as positive patch test to nickel and history of metal intolerance 
 Adjusted for: 
  a Age group, sex, piercing status 
  b Age group, sex, piercing status, atopic dermatitis (AD) 
  c Age group, sex, AD 
  d Age group, sex, AD, xerosis 
  e Age group, sex  

    Conclusion 

 Overall, available evidence at the time of writ-
ing points to an increased risk of CA associ-
ated with  FLG  null mutation, which is 
especially pronounced in persons with (long-
standing) AD. In view of outcome defi nitions 
varying between studies, and also diverse sub-
group analyses, it does not appear useful to 

summarize the fi ndings quantitatively in terms 
of a meta-analysis. 

 Generally, confounding of the association 
between CA status and  FLG  mutation by AD 
is possible (if not taken into account by analy-
ses stratifying or adjusting for AD), insofar as 
(1) a close relationship between AD and  FLG  
mutation has been established (e.g., [ 18 ]); (2) 
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AD leads to, or increases, certain exposures; 
and (3) barrier perturbation and infl ammation 
in AD likely have some additional potential of 
increasing overall sensitization risk. 

 CA risk may be generally diminished in 
AD in terms of TH2 skewing of the immune 
response, as recently shown using the model 
sensitizer dinitrochlorobenzene (DNCB), 
which penetrates the skin quantitatively in the 
doses used: persons with AD, independent of 
their  FLG  status, exhibited a reduced TH1 
response and a specifi c propensity to TH2 pro-
gramming [ 29 ]. However, in other, “real-
world” allergens, in which skin penetration is 
affected by  FLG  status (and by AD with 
accompanying additional barrier perturba-
tion), these latter factors may well override the 
lesser ability to mount a TH1 response in per-
sons with AD.     
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24.1            Background 

 Irritant contact dermatitis (ICD) may occur after 
direct contact of the skin with an irritating factor 
that leads to disruption of the skin barrier and a 
local infl ammatory reaction that is largely medi-
ated by innate immunity [ 1 ]. ICD can be caused 
by either chemicals (e.g. detergents, organic sol-
vents, disinfectants, and water) or physical irri-
tants (e.g. mechanical friction and cold and dry 
environment) [ 1 ,  2 ]. The mode of action and 
infl ammatory response are dependent on the 
physicochemical properties of the irritating com-
pound and the factors that infl uence its penetra-
tion across the skin, like magnitude and duration 
of the exposure.  Acute ICD  is caused by relatively 
major damage to the skin, usually caused by an 
accidental, short contact with a strong irritant. 
 Chronic ICD  may develop with repetitive skin 
exposure to one or multiple skin-irritating factors 
that cause only minor damage, but there is not suf-
fi cient time between subsequent exposures for the 
skin to completely recover, eventually leading to 
an eczematous skin reaction. Chronic ICD is one 
of the most prevalent work-related diseases, espe-
cially in so-called wet work occupations like 
nursing, cleaning, and hair dressing [ 2 ]. 

 Experimental irritation studies and epidemio-
logical data have convincingly shown that 
 manifest or even a history of atopic dermatitis 
(AD) in childhood confers an increased risk for 
acute as well as chronic irritant dermatitis [ 3 – 5 ]. 
Enhanced susceptibility to ICD can at least partly 
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be explained by reduced skin barrier, which is a 
major hallmark of atopic skin. Jakasa et al. [ 6 ] 
showed that even the noninvolved skin in patients 
with AD has impaired skin barrier, allowing 
higher penetration of sodium lauryl sulphate 
(SLS), a model irritant commonly used in experi-
mental studies. The same research group [ 7 ] 
showed that the barrier impairment and infl am-
mation were dependent on the penetration rate of 
SLS. An impaired skin barrier function in AD 
can at least partly be explained by decreased lev-
els of fi laggrin protein. Filaggrin aggregates ker-
atin fi laments in the transition of keratinocytes 
into corneocytes, contributing to the mechanical 
strength of the SC. Filaggrin, as well as its pre-
cursor and degradation products, plays an impor-
tant role in SC homeostasis and antimicrobial 
defence through different mechanisms [ 8 ]. As 
skin barrier condition determines the amount of 
irritant that penetrates the SC and reaches viable 
epidermis, it is likely that the gene encoding fi l-
aggrin ( FLG ) mutations also confer risk for ICD. 
Furthermore, as loss-of-function mutations in the 
 FLG  are a well-known predisposing factor for 
AD, an increased prevalence of  FLG  carriers in 
the ICD patients who have concomitant AD is to 
be expected.  

24.2     Filaggrin and Irritant 
Contact Dermatitis 

 Several recent studies have investigated whether 
the presence of  FLG  loss-of-function mutations 
increases the risk of acute as well as chronic ICD. 

24.2.1     Acute ICD 

 Scharschmidt et al. [ 9 ] showed that compared to 
wild-type mice, the fi laggrin-defi cient (fl aky tail, 
 ft/ft ) mice had reduced infl ammatory thresholds 
to irritants. Interestingly, this effect was only 
detectable when modest concentration of the irri-
tant was applied, whereas high concentrations 
did not lead to a signifi cant difference between 
the groups. Consistently, Kawasaki et al. [ 10 ] 
demonstrated that fi laggrin null mice had a 

 stronger irritation response than wild-type mice. 
However, studies in human subjects could not 
confi rm  FLG  mutations as a risk factor for acute 
ICD. Angelova-Fisher et al. [ 11 ] studied infl am-
matory response following a 24-h single expo-
sure to 1 % SLS in healthy subjects wild-type for 
 FLG  (CTRL) and AD patients with (AD-FLG) 
and without  FLG  mutations (AD-wt). Although 
AD-FLG group showed slightly higher irritation 
response as compared to AD-wt and controls, the 
difference between the groups was not signifi -
cant. These results were consistent with a study 
of similar experimental design of Jungersted 
et al. [ 12 ] In an in vitro skin model of fi laggrin 
defi ciency, Küchler et al. [ 13 ] found elevated irri-
tation response to SLS based on signifi cantly 
higher lactate dehydrogenase leakage, and inter-
leukin (IL)-6 and IL-8 levels, than in the control 
model.  

24.2.2     Chronic ICD 

 In addition to studies on acute irritation, several 
epidemiological and clinical studies have recently 
been addressing chronic ICD. Molin et al. [ 14 ] 
investigated  FLG  mutations in 122 German non- 
atopic patients with different subtypes of chronic 
hand eczema and compared them to 95 healthy 
controls. Marginally signifi cant associations with 
 FLG  mutations were reported for a subgroup of 
patients diagnosed with a combination of ICD 
and allergic contact dermatitis, but not in the sub-
group with ICD alone. However, the small sam-
ple size and the choice of the control population 
limit the informative value of this study. De 
Jongh et al. [ 5 ] studied the prevalence of the 
R501X and 2282del4  FLG  mutations in 296 
patients with occupational ICD and a control 
group of 217 vocational school apprentices and 
showed that the carriers  of FLG  mutations are 
approximately twice as likely to acquire occupa-
tional ICD. However, due to limited group size, 
that study could not answer the question whether 
 FLG  mutations are a risk factor for ICD per se or 
modify the risk through AD. Namely, in the etio-
logical relation between  FLG  mutations and ICD, 
AD can be an intermediate factor (as  FLG  muta-
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tions increase the risk of AD) as well as a co-
determinant independent from  FLG . As still 
approximately 60 % of  FLG  carriers do not 
develop AD [ 15 ,  16 ], a substantial part of indi-
viduals with potentially increased risk (i.e.  FLG  
mutation carriers without AD) will not be recog-
nized as susceptible in current prevention pro-
grammes. Thus, a follow-up study by the same 
research group sought to investigate relative con-
tribution of  FLG  and AD in larger cohorts of 
patients and controls and included two additional 
 FLG  mutations (R2447X, and S3247X) [ 17 ]. The 
crude OR for the combined mutant allele was 2.1 
(95 % CI 1.33–3.28), which was in a good agree-
ment with the previous study by de Jongh et al. 
reporting an OR of 1.9 [ 5 ,  17 ]. A logistic regres-
sion model with AD and  FLG  mutations as inde-
pendent risk factors revealed a signifi cant 
association of ICD with  FLG  loss-of-function 
mutations, even when the analysis was adjusted 
for AD (OR 1.6; 95 % CI 1.01–2.58). A history 
of AD increased the risk of developing ICD 
approximately threefold (OR 2.9; 95 % CI 2.8–
4.3), while the concomitant presence of AD and 
 FLG  mutations result in a 4.7-fold increased risk 
for ICD [ 17 ]. Interestingly, a recent study by 
Landeck et al. [ 18 ] revealed that  FLG  mutations 
in the presence of AD seem to be a modifi er also 
of the severity of the clinical course in ICD, sup-
porting the view that this group represents a spe-
cial risk population for ICD. 

 It has been emphasized that all existing stud-
ies addressing the association between fi laggrin 
and ICD are based on  FLG  loss-of-function 
mutations and not on the levels of fi laggrin pro-
tein in the SC. This might be important because 
in addition to loss-of-function mutations, fi lag-
grin expression can be reduced by other factors 
such as  FLG  intragenic copy number variations 
[ 19 ], downregulation by infl ammation, or pres-
ence of infl ammatory cytokines [ 20 ,  21 ] or by 
modulation of enzymatic processes responsible 
for the processing of pro-fi laggrin into fi laggrin 
or for the breakdown of fi laggrin NMF [ 22 ]. 
Recently, it has been shown that altered lipid 
composition and organization in AD patients was 
not associated with  FLG  genotype but rather with 

the levels of fi laggrin degradation products in the 
SC [ 23 ].   

    Conclusion 

 Present knowledge on the role of  FLG  muta-
tions on acute skin irritation is limited. Two 
existing studies suggest that the presence of 
 FLG  mutations in AD patients does not lead to 
enhanced irritation response [ 11 ,  12 ]. So far, 
there are no studies that address acute irrita-
tion response in the individuals with  FLG  
mutations but without a history of AD. Such 
studies might shed more light on the role of 
 FLG  mutations in the skin irritation response 
independently of AD. 

 In contrast to acute ICD,  FLG  mutations 
enhance individual susceptibility to chronic 
ICD. Although these results need confi rma-
tion from additional studies by preference 
prospective cohort investigations,  FLG  muta-
tions have been shown to increase the risk of 
chronic persistent ICD even in the absence of 
AD [ 17 ]. The risk- modifying effect of  FLG  
was the highest in the presence of AD. It can 
be speculated that the cutaneous cytokine 
milieu in AD might lead to further reduction 
of fi laggrin in the SC. Furthermore, irritation 
response might be attenuated due to a distinct 
infl ammatory status in  FLG -related AD. Kezic 
et al. reported elevated levels of IL-1 cyto-
kines in AD patients with  FLG  mutations and 
in a murine model of fi laggrin defi ciency, sug-
gesting a pre-existing enhanced or proinfl am-
matory status in the skin of patients with AD 
that relates to  FLG  mutations [ 24 ]. Future 
studies in well-defi ned subgroups will be 
required to elucidate the temporal and causal 
relationship between the levels of fi laggrin in 
the SC, presence and severity of AD, skin bar-
rier function, and development of ICD.     
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25.1            Background 

 Hand eczema is a common, noninfectious skin 
infl ammation restricted to the hands. Although it 
can be transient or improved by adequate treat-
ment, a chronic course with continual or intermit-
tent symptoms over years is frequently seen [ 1 ]. 
The 1-year prevalence in middle and Northern 
Europe is approximately 10 % [ 1 ,  2 ]. Women 
are twice as often affected as men. Occupational 
hand eczema is one of the most common 
 occupational diseases [ 3 ] resulting in substantial 
socioeconomic consequences for the affected 
individual and the society [ 1 ,  4 ]. Symptoms of 
hand eczema may vary from mild skin changes 
to severe lesions accompanied by itch and pain 
and can have a negative impact on quality of 
life [ 5 – 8 ]. Hand eczema can be found in differ-
ent stages, i.e., acute dermatitis characterized 
by erythema and vesicles and chronic dermatitis 
defi ned by dry, lichenifi ed, and fi ssured skin with 
scales. The cause, localization, and morphology 
of hand eczema are heterogeneous. Therefore, 
universally accepted classifi cations are diffi cult 
to establish [ 3 ,  9 ]. Subtypes include irritant and 
allergic contact dermatitis, atopic dermatitis 
(AD), mixed forms, and minor groups with vesic-
ular and hyperkeratotic hand eczema. Multiple 
factors, both individual and environmental, are 
involved in the pathogenesis of hand eczema 
[ 10 ]. It is often diffi cult to identify the cause 
because mixed exposures to irritants and aller-
gens, as well as different predispositions, interact 
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with each other. Factors impairing the skin bar-
rier may facilitate the penetration of allergens and 
irritants through the epidermis and increase the 
likelihood of developing both allergic and irritant 
hand eczema [ 11 – 13 ]. Moreover, they may be 
responsible for an increased transepidermal loss 
of water causing dryness of the skin. Twin studies 
have shown that genetic factors increase the risk 
for hand eczema [ 14 ,  15 ]. Moreover, it has been 
established that the impairment of the skin barrier 
function is often based upon a genetic predisposi-
tion. In line with this, the main endogenous risk 
factor for hand eczema is atopic dermatitis, an 
inherent condition characterized by an impaired 
skin barrier and dry skin [ 15 – 17 ]. Involvement of 
the hands is frequently seen in patients with AD. 
Moreover, AD increases the likelihood of devel-
oping irritant contact dermatitis of the hands two 
to four times [ 18 – 20 ]. 

 Several studies have demonstrated that the 
barrier function of the outermost layer of the 
epidermis (stratum corneum) is affected by 
mutations in the gene encoding the fi lament-
aggregating protein fi laggrin [ 21 ,  22 ]. Filaggrin 
and its metabolites are not only important for 
the mechanical strength of the skin but also for 
the hydration and homeostasis of the epidermis. 
Several loss-of-function mutations in the fi laggrin 
gene ( FLG ) have been identifi ed [ 23 ,  24 ]. The 
most common  FLG  mutations in European popu-
lations are R501X and 2282del4. They are pres-
ent in 9–10 % of individuals of European descent 
[ 22 ], resulting in lower levels of fi laggrin and its 
metabolites in the skin [ 25 – 27 ]. Reduced levels 
of fi laggrin are associated with dry skin [ 28 ,  29 ] 
and may lead to increased penetration of irritants 
and allergens through the epidermis and subse-
quent infl ammation [ 30 ,  31 ]. It has been demon-
strated in multiple studies that  FLG  mutations 
are causative for ichthyosis vulgaris and strongly 
associated with AD. Approximately 20–30 % 
of patients with AD carry a  FLG  mutation [ 23 , 
 24 ,  32 – 35 ]. Mutations in the  FLG  gene are more 
common in individuals with AD in combination 
with asthma and allergic rhinitis [ 33 ,  36 ], IgE 
sensitization [ 34 ,  37 ], early onset [ 34 ], and per-
sistence into adulthood [ 32 ]. However, in some 
patients with AD, the skin  barrier is reduced, 

although no  FLG  mutation is present [ 38 ] and the 
majority of heterozygous  FLG  mutation carriers 
never develop AD [ 35 ]. 

 The levels of fi laggrin in the skin are not only 
infl uenced by  FLG  loss-of-function mutations but 
also by other factors. It has been reported that skin 
infl ammation decreases the synthesis of fi laggrin, 
suggesting that fi laggrin levels in already infl amed 
skin are lower, especially in  FLG  mutation carriers 
[ 39 ]. Currently, there is no way to differentiate 
between acquired fi laggrin defi ciency caused by 
skin infl ammation and inherited fi laggrin defi -
ciency caused by  FLG  mutations. In addition, 
intragenic copy number variations within the  FLG  
locus have been reported, with alleles encoding 10, 
11, or 12 fi laggrin monomers, affecting the amount 
of fi laggrin expressed in the epidermis indepen-
dently of  FLG  mutations. Excluding  FLG  mutation 
carriers, Brown et al. demonstrated that low copy 
numbers within the  FLG  locus are associated with 
AD [ 40 ]. Moreover, patients with AD and  FLG  
mutations have elevated levels of proinfl ammatory 
IL-1 cytokines, which might infl uence infl amma-
tory response after exposure to irritating chemicals 
[ 41 ]. Therefore, the lower threshold for irritants in 
patients with AD may refl ect both barrier impair-
ment and greater infl ammatory reactivity [ 42 ]. 

 It has to be noted that other endogenous risk 
factors may be involved in hand eczema. Several 
genetic polymorphisms have been associated 
with atopic, irritant, and allergic contact dermati-
tis. Relevant genes may also affect the skin bar-
rier (e.g.,  claudin-1 ) [ 43 ], have an impact on 
metabolizing enzymes (e.g.,  N-acetyltransferase , 
 glutathion-S-transferase ) potentially infl uencing 
the detoxifi cation or activation of irritants and 
allergens, or may alter individual immune 
responses (e.g.,  IL-1 ,  TNF-alpha ) [ 44 – 47 ].  

25.2     Filaggrin and Hand Eczema 

 Several studies have investigated whether the 
presence of  FLG  loss-of-function mutations 
increases the risk of hand eczema. However, the 
results have been confl icting (Table  25.1 ).  FLG  
mutations may only be of importance in distinct 
subtypes of hand eczema [ 61 ].
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25.2.1       Cause of Hand Eczema 

 In 2007, 183 Danish adult twin individuals with 
self-reported or clinical signs of hand eczema 
were genotyped for the  FLG  loss-of-function 
mutations R501X and 2282del4. Twin individu-
als without hand eczema ( n  = 50) and children 

without AD ( n  = 198) served as controls. No asso-
ciation between the variant alleles and hand 
eczema or contact allergy was found [ 48 ]. 
However, the study was impaired by a small size 
and several confounders, resulting in a low statis-
tical power [ 49 ]. In 2009, Molin et al. evaluated 
the prevalence of  FLG  mutations R501X and 
2282del4 in 122 German nonatopic patients with 
chronic hand eczema compared to 95 control 
individuals of unknown origin. Patients with 
atopic hand eczema were excluded. In this study, 
 FLG  mutations were marginally associated with 
a distinct subtype of chronic hand eczema char-
acterized by a combination of irritant and allergic 
contact dermatitis, not with irritant or allergic 
contact dermatitis alone [ 53 ]. In a pilot study, 
Thyssen et al. genotyped 128 patients for  FLG  
mutations R501X and 2282del4. Mutation carri-
ers were more likely to have hand eczema, 
although this association was not signifi cant (OR 
1.9, 95 % CI 0.47–7.76) [ 50 ]. This was followed 
by a cross-sectional study in 3,335 randomly 
selected adults of the Danish general population 
who were genotyped for R501X and 2282del4, 
patch tested, and asked for the presence of AD 
and hand eczema during the past 12 months.  FLG  
mutations conferred an increased risk of hand 
eczema in subjects with AD (OR 2.89, 95 % CI 
1.27–7.01), but not in subjects without AD (OR 
0.82, 95 % CI 0.41–1.67). Moreover,  FLG  muta-
tions were associated with early onset and persis-
tence of hand eczema into adulthood [ 51 ]. 

 In a preliminary study of de Jongh et al. in 296 
patients of European descent from Germany with 
occupational irritant contact dermatitis of the 
hands and a control group of 217 vocational 
school apprentices, the presence of R501X and 
2282del4  FLG  mutations doubled the risk of 
occupational irritant dermatitis of the hands (OR 
=1.91, 95 % CI 1.02–3.59) [ 52 ]. In a follow-up 
study increasing the number of patients ( n  = 634) 
and controls ( n  = 393), the participants were gen-
otyped for the  FLG  loss-of-function mutations 
R501X, 2282del4, R2447X, and S3247X. 
Together these four different mutations constitute 
more than 90 % of the  FLG  mutations found in 
European populations [ 22 ]. The study revealed 
that mutations in the  FLG  gene and AD are both 

   Table 25.1    Overview on publication addressing  FLG  
loss-of-function mutations and hand eczema   

 Association 
with  FLG  
loss-of- 
function 
mutations 

 References  Yes  No 

 HE in twins  +  Lerbaek et al. 
[ 48 ], Brown 
and Cordell 
[ 49 ] 

 HE in patients with 
dermatitis 

 +  Thyssen et al. 
[ 50 ] 

 HE in patients with 
AD 

 +  Thyssen et al. 
[ 51 ] 

 Cause of HE: 
  ICD of the hands  +  De Jong et al. 

[ 52 ], Visser 
et al. [ 20 ] 

   ICD + ACD of the 
hands 

 +  Molin et al. 
[ 53 ] 

 Worse prognosis of 
ICD of the hands in 
atopic patients 

 +  Landeck et al. 
[ 54 ] 

 Morphology of HE: 
   Palmar 

hyperlinearity 
 +  Novak et al. 

[ 28 ], Brown 
et al. [ 55 ], 
Thyssen et al. 
[ 50 ], Landeck 
et al. [ 56 ] 

  Vesicular HE  +  Landeck et al. 
[ 56 ], Thyssen 
et al. [ 50 ], 
Thyssen et al. 
[ 57 ] 

   Involvement of the 
dorsal aspects of 
the hands 

 +  Thyssen et al. 
[ 58 ], Thyssen 
et al. [ 50 ], 
Kaae et al. 
[ 59 ], Carson 
et al. [ 60 ] 

   Abbreviations :  HE  hand eczema,  ICD  irritant contact der-
matitis,  ACD  allergic contact dermatitis,  AD  atopic 
dermatitis  
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independently associated with occupational irri-
tant contact dermatitis of the hands.  FLG  muta-
tions were found in 15.9 % of patients and in 
8.3 % of controls, with a crude OR of 2.09 (95 % 
CI 1.33–3.28) for the combined genotype. The 
adjusted OR for  FLG  mutations, corrected for 
AD, was 1.62 (95 % CI 1.01–2.58). Having AD 
increased the risk of developing irritant contact 
dermatitis of the hands approximately threefold 
(OR = 2.89, 95 % CI 2.09–3.99). Individuals with 
AD and  FLG  mutations had the highest risk [ 20 ]. 

 Landeck et al. performed a 3-year prospective 
observational study in 459 patients from Germany 
with occupational irritant contact dermatitis of 
the hands and evaluated the clinical course, 
recovery rate, periods of being absent from work, 
and job continuation [ 54 ]. The patients were 
examined for atopy and genotyped for the  FLG  
loss-of-function mutations R501X, 2282del4, 
R2447X, and S3247X. Nonatopic patients with 
irritant contact dermatitis responded better to 
therapeutic approaches, while atopic patients had 
more resistant lesions, resulting in lower rates of 
recovery and job continuation. The presence of 
 FLG  loss-of-function mutations worsened the 
course of occupational irritant contact dermatitis, 
but only in combination with atopy, not as an 
independent risk factor. After 3 years, the rate of 
those abandoning the profession was signifi -
cantly increased in atopic patients with irritant 
contact dermatitis of the hands and  FLG  muta-
tions compared to nonatopic patients with irritant 
contact dermatitis and no  FLG  mutations (OR 
3.1;  p  < 0.05). 

 It seems plausible that an impaired skin bar-
rier facilitates the development of allergic con-
tact dermatitis by enhanced penetration of 
allergens through the skin. Moreover, it has 
been suggested that infl ammatory responses 
due to skin irritation may promote contact 
allergy [ 62 ,  63 ]. Therefore, it has been assumed 
that individuals with an impaired skin barrier 
may have a higher risk to develop allergic con-
tact dermatitis. However, several studies have 
shown that AD is inversely associated with 
contact sensitization. This is possibly due to a 
reduced cell-mediated immunity in atopic der-
matitis [ 64 ,  65 ]. Studies on evaluating  FLG  

mutations as a risk factor for contact allergy 
have been contradictory. When genotyping and 
patch testing 430 Caucasians in Denmark, 
Carlsen et al. did not fi nd a positive association 
between  FLG  mutations and contact sensitiza-
tion [ 66 ]. Moreover, the subgroup of patients 
with AD and concomitant contact sensitization 
did not have a signifi cantly higher prevalence 
of  FLG  mutations compared with patients with 
positive patch test without AD, or compared 
with the general population [ 67 ]. 

 However, Novak et al. observed an association 
between  FLG  mutations (R501X and 2282del4) 
and contact sensitization to nickel combined with 
self-reported intolerance to fashion jewelry in a 
cross-sectional German population ( n  = 1,537) 
[ 28 ]. No association was found between the pres-
ence of  FLG  mutations and sensitization to other 
common haptens. This may indicate that proba-
bly not only the impaired skin barrier itself con-
fers an increased risk of contact sensitization. 
Other, more complex mechanisms may be 
involved. 

 In a cross-sectional study in the general 
Danish population ( n  = 3,335), Thyssen et al. 
found a positive association between  FLG  muta-
tions (R501X and 2282del4) and contact sensiti-
zation to nickel only in women without ear 
piercing [ 68 ]. This was explained by the bypass 
theory, suggesting that contact allergens like 
nickel bypass the upper skin layers by ear pierc-
ing with nickel-releasing jewelry [ 69 ]. It was 
speculated that fi laggrin, a histidine-rich protein, 
could chelate nickel, preventing its penetration 
through the skin in cases of superfi cial exposure 
[ 70 ,  71 ]. Therefore, individuals with reduced lev-
els of fi laggrin, as seen in  FLG  mutation carriers 
[ 26 ], may be at higher risk to develop nickel sen-
sitization when superfi cially exposed to nickel. 
However, when the skin is exposed to nickel by 
ear piercing, even individuals with an intact skin 
barrier may easily get sensitized to nickel inde-
pendently of  FLG  mutations. 

 In addition, the prevalence of contact sensiti-
zation to chemicals used in topical products, 
such as ethylenediamine and neomycin, was 
higher in individuals with AD and  FLG  muta-
tions compared to wild-type carriers without AD 
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[ 51 ]. This is probably related to a frequent appli-
cation of emollients as well as topical corticoste-
roids and antibacterial creams in individuals 
with AD due to their dry and infl amed skin, 
increasing the likelihood of contact sensitization 
to ingredients of these products. In a subgroup of 
individuals with self-reported AD and frequent 
episodes of hand eczema, a strong association 
between  FLG  mutations and contact sensitiza-
tion to allergens other than nickel (OR 5.71, 
95 % CI 1.31–24.94) was found, whereas  FLG  
mutations alone did not substantially increase 
the risk of sensitization [ 72 ]. 

 In a study by Landeck et al., 496 patients 
from Germany with occupational irritant con-
tact dermatitis of the hands were examined for 
atopy, patch tested, and genotyped for the  FLG  
loss-of- function mutations R501X, 2282del4, 
R2447X, and S3247X. The sensitization rate in 
 FLG  mutation carriers was not increased. Only 
sensitizations to wool alcohols and para-tertiary-
butylphenol formaldehyde resin were associ-
ated with  FLG  mutations. Wool alcohols are 
commonly present in topical products used for 
infl amed and dry skin. Therefore, the increased 
rate of sensitization to wool alcohol in  FLG  
mutation carriers is probably due to an increased 
use of topical products by these individuals. The 
increased rate of sensitization to para-tertiary-
butylphenol formaldehyde resin, which is mainly 
used in adhesives and in paints, was somewhat 
surprising. However, it was argued that the statis-
tical power of the results was low and that larger 
cohorts are necessary to confi rm these fi ndings 
[ 73 ]. 

 It might be speculated that sensitization to 
some contact allergens may be promoted by 
genetic predispositions, whereas sensitization to 
others may be mainly infl uenced by environmen-
tal factors, such as the nature and concentration 
of the hapten, time and frequency of exposure to 
the allergen, and the status of skin damage [ 74 ].  

25.2.2     Morphology of Hand Eczema 

 Several attempts have been made to identify dis-
tinct morphological pattern that can differentiate 

between atopic hand eczema and other subtypes 
of hand eczema [ 75 – 78 ]. It has been demon-
strated that involvement of the palmar aspects of 
the hand is not typical for atopic dermatitis [ 75 ], 
while palmar hyperlinearity [ 76 ,  78 ] and skin 
lesions on the dorsal aspect of the wrist [ 77 ] are 
associated with atopic hand eczema. 

 Novak et al. reported that palmar hyperlinear-
ity is signifi cantly more common in  FLG  muta-
tions carriers among 1,502 German adults 
genotyped for R501X and 2282del4 [ 28 ]. In line 
with this, Brown et al. confi rmed in a prospective 
study among 792 British schoolchildren that pal-
mar hyperlinearity is associated with the pres-
ence of  FLG  mutations. The positive and negative 
predictive values for palmar hyperlinearity in 
FLG mutation carriers were 71 and 90 %, respec-
tively [ 55 ]. In 459 patients with occupational irri-
tant contact dermatitis of the hands, it was 
demonstrated by a mixture of clinical fi ndings 
and self-reported clinical features that  FLG  muta-
tions are signifi cantly associated with pulpitis 
sicca and hyperlinear palms and not with recur-
ring vesicular hand eczema [ 56 ]. 

 In a case series by Thyssen et al., eight  FLG  
mutation carriers with generalized AD were pre-
sented who suffered from a distinct type of hand 
eczema characterized by hyperkeratosis and der-
matitis on the dorsal aspects of the hands and fi n-
gers, whereas the palmar involvement was sparse 
or not present at all [ 58 ]. Genotyping 128 patients 
in a pilot study for R501X and 2282del4, Thyssen 
et al. demonstrated that hand eczema in  FLG  
mutation carriers was mainly located on the dor-
sal aspects of the hands. Moreover, the hands 
were often lichenifi ed. Palmar hyperlinearity was 
common, whereas vesicular eruptions were rarely 
observed [ 50 ]. Moreover, apart from intermittent 
fi ssures in winter, the hands of  FLG  mutation car-
riers typically displayed thickened and folded 
skin on the dorsal aspects of the fi ngers [ 59 ]. In a 
general population study, 730 participants were 
genotyped for  FLG  mutations (R501X and 
2282del4) and questioned about skin symptoms. 
 FLG  mutations were signifi cantly associated 
with self-reported dry, fi ssured skin on the hands 
and/or fi ngers in adults with and without hand 
eczema (OR 1.93, 95 % CI 1.05–3.55). This 
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association was predominantly seen in subjects 
without AD. It was suggested that in atopic indi-
viduals, dysfunction of skin barrier proteins other 
than fi laggrin may be involved. Moreover, indi-
viduals with AD may apply moisturizers more 
frequently, resulting in an enhanced skin hydra-
tion and prevention of skin fi ssures. Another pos-
sibility is that skin infl ammation in AD decreases 
the skin levels of fi laggrin and its derivatives to 
such an extent that the effect of  FLG  mutations is 
diminished. No association was found between 
 FLG  mutations and vesicular hand eczema [ 57 ]. 
This was especially true for chronic hand eczema. 
It was speculated that in acute irritant and allergic 
contact dermatitis of the hands, the differences 
between  FLG  mutation carriers and non- mutation 
carriers were not as pronounced as in chronic 
hand eczema, possibly covered by the acute 
lesions [ 59 ]. Interestingly, skin infl ammation 
may result in functional fi laggrin defi ciency [ 79 ]. 
Therefore, skin changes may not only be the 
results of  FLG  mutations but also of reduced 
 levels of fi laggrin due to chronic infl ammation. It 
is likely that the skin of the dorsal aspects of the 
hands is more prone to drying, especially in win-
ter, and more exposed to irritants. In  FLG  muta-
tion carriers these effects may be more 
pronounced, therefore resulting in a preferential 
involvement of this part of the hand. Interestingly, 
in a prospective cohort study of children with AD 
and  FLG  mutations (R501X and 2282del4), skin 
lesions were predominantly seen on the backs of 
the hands and cheeks [ 60 ].   

    Conclusion 

 There is evidence that  FLG  mutations are 
associated with different subtypes of hand 
eczema and may infl uence the prognosis of 
the disease. Identifi cation of this subgroup of 
individuals at risk may help to implement spe-
cifi c preventive and therapeutic measures at an 
early stage. This is particularly important in 
individuals who work in professions with a 
high prevalence of occupational hand eczema. 
In the future, individuals with fi laggrin defi -
ciency might be identifi able by minimal inva-
sive tape-stripping methods detecting fi laggrin 
breakdown products [ 80 ]. 

 As  FLG  mutations are associated with an 
early onset and persistence of hand eczema, it 
would be important that mutation carriers are 
guided toward professions with as little as 
possible exposure to irritants and allergens. If 
high- risk professions have already been cho-
sen, appropriate medical advice should be 
given before the start of training. Moisturizers 
and adequate personal protection equipment 
should be used consistently. In those who have 
already developed hand eczema, early, inten-
sive, multidisciplinary intervention should be 
initiated to limit morbidity [ 81 – 83 ]. With 
regard to therapy of hand eczema, the use of 
topical anti- infl ammatory agents is essential, 
particularly when considering that infl amma-
tion can reduce fi laggrin expression [ 39 ]. 
However, the dermatologist should always 
question and, when possible, limit the use of 
topical corticosteroid therapy. If the skin bar-
rier is already impaired by endogenous fac-
tors, such as  FLG  mutations, the use of topical 
corticosteroids may further increase the 
impairment [ 59 ]. Other treatments should be 
considered, if possible. At least corticoste-
roids with less atrophic effects on the skin 
should be favored [ 84 ]. In the future, skin bar-
rier enhancement therapy that specifi cally tar-
gets fi laggrin defi ciency may be a promising 
approach to tackle hand eczema [ 22 ].     
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26.1            Introduction 

 Psoriasis is a chronic infl ammatory skin disease 
with a prevalence of 2–3 % [ 1 ]. Abnormal kerati-
nocyte terminal differentiation is an important fea-
ture of psoriatic skin lesions, which are 
characterized by red patches or plaques on the skin 
with thick, silvery, and adherent scales. Barrier 
function in lesional psoriatic skin is reduced [ 2 ,  3 ]. 
Psoriasis is considered to be a disorder of multifac-
torial origin affecting patients who are genetically 
predisposed and who at the same time are exposed 
to some form of environmental trigger, such as ton-
sillitis caused by group A Streptococci. Linkage 
analyses of large families as well as genome-wide 
transmission studies have mapped a number of 
susceptibility loci known as psoriasis-associated 
chromosomal regions (PSORS) 1–10. Some of the 
psoriasis susceptibility loci are shared with suscep-
tibility for atopic dermatitis (AD) [ 4 ]. This has led 
to speculations that fi laggrin gene ( FLG ) muta-
tions and changes in fi laggrin expression may also 
be associated with psoriasis. This chapter presents 
the current knowledge on the possible association 
between psoriasis and  FLG  mutations as well as 
changes in fi laggrin expression in psoriasis.  

26.2     Filaggrin Gene Mutations 
in Psoriasis 

 Familial occurrence of psoriasis is well known, 
and the genetic predisposition to psoriasis is sup-
ported by twin studies showing high concordance 
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rates in monozygotic twins [ 5 ,  6 ]. Over the years, 
several loci and genes have been identifi ed by 
linkage analyses and genome-wide association 
studies. It has been established that PSORS1 is 
the predominant locus for psoriasis vulgaris, the 
most common clinical variant of psoriasis. 
PSORS1 is located within the region of the major 
histocompatibility complex on chromosome 
6p21.3, where half of patients with psoriasis vul-
garis carry the human leukocyte antigen 
(HLA)-Cw6 allele [ 7 ]. Recently, HLA Cw6 was 
found to be the most likely PSORS1 candidate 
gene responsible for most of the genetic suscepti-
bility in psoriasis [ 8 ]. Several other psoriasis sus-
ceptibility loci have since been identifi ed 
including psoriasis-associated genes belonging 
to the interleukin 23/Th17 axis as well as nuclear 
factor-кβ [ 9 – 18 ]. The epidermal differentiation 
complex (EDC) on chromosome 1q21.3 is 
another pathway, which may be involved in the 
pathogenesis of psoriasis. The EDC is a cluster of 
genes (including  FLG ), which encode molecules 
in the superfi cial layers of the differentiating epi-
dermis [ 4 ]. Psoriasis susceptibility locus 4 
(PSORS4) has been linked to a region located at 
1q21 that also contains the EDC. Filaggrin plays 
a key role in facilitating the terminal differentia-
tion of the epidermis and formation of the skin 
barrier; therefore,  FLG  variants may in theory be 

a primary event in the pathogenesis of psoriasis 
and may infl uence the risk of psoriasis. 

 Several groups have studied the possible asso-
ciation between certain  FLG  variants and psoria-
sis [ 2 ,  19 – 25 ]. Table  26.1  provides an overview 
of these studies, which include both case-control 
studies and cross-sectional general population 
studies. Most studies investigated the association 
between psoriasis and the two major  FLG  vari-
ants associated with AD (R501X and 2282del4), 
and none have so far demonstrated a positive cor-
relation. In addition, the study by Winge et al. 
including children with psoriasis failed to dem-
onstrate an association between  FLG  mutations 
and onset of psoriasis in childhood [ 22 ]. However, 
two studies including individuals of Asian eth-
nicity have demonstrated an association between 
psoriasis and the two rare  FLG  variants p.
K4022X and P478S [ 19 ,  23 ]. It therefore seems 
that the genetic background responsible for the 
epidermal barrier defect in psoriasis is different 
from that associated with AD, at least in 
Caucasian individuals. However, due to genetic 
heterogeneity, one cannot rule out the possibility 
that altered fi laggrin structure and function 
caused by other  FLG  variants may infl uence pso-
riasis susceptibility in other non-Caucasian popu-
lations. In conclusion, available data indicate that 
the currently known  FLG  null genotypes can be 

   Table 26.1    Overview of studies that have investigated the possible association between psoriasis and fi laggrin gene 
mutations   

 Author name 
 Filaggrin gene 
( FLG ) mutation  Ethnicity 

 Number of patients 
with psoriasis 
(controls) 

  FLG  variant 
associated with 
psoriasis 

 Hüffmeier et al. [ 2 ]  R501X  Caucasian (German)  750 (376)  No association 
 2282del4 

 Weichenthal et al. [ 20 ]  R501X  Caucasian (German)  360 (276)  No association 
 2282del4 

 Giardina et al. [ 21 ]  R501X  Caucasian (Italian)  195 (210)  No association 
 2282del4 

 Winge et al. [ 22 ]  R501X  Northern European 
(Finnish) 

 241 (314)  No association 
 2282del4 
 S3247X 
 R2447X 

 Hu et al. [ 23 ]  p.K4022X  Asian (Chinese)  441 (500)  p.K4022X 
 Zhao et al. [ 24 ]  R501X, 2282del4  Caucasian (Irish, 

English) 
 691 (2117)  No association 

 Thyssen et al. [ 25 ]  R501X, 2282del4  Caucasian (Danish)  217 (3023)  No association 
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excluded as predisposing factors for psoriasis in 
Caucasian individuals, but certain other and rare 
 FLG  variants may play a role in psoriasis suscep-
tibility in other populations.

26.3        Filaggrin Protein Expression 
in Psoriasis 

 Several histological studies have demonstrated 
that the expression of fi laggrin is decreased in 
lesional psoriatic skin. Bernard et al. obtained 
skin biopsies from psoriatic lesions from 14 
patients with psoriasis and compared them to 
skin biopsies from individuals without pso-
riasis. The authors showed that fi laggrin was 
 undetectable in stable psoriatic skin lesions 
[ 26 ]. This was confi rmed in a study from 1991 
by Watanabe et al. demonstrating that involved 
psoriatic skin revealed little or no reaction in 
the stratum corneum or in the granular layer 
with anti-fi laggrin antibody [ 27 ]. Furthermore, 
Gerritsen et al. investigated epidermal and der-
mal aspects of the margin of the progressive 
psoriatic plaque, distant uninvolved skin, and 
normal healthy skin using immunohistochemis-
try for fi laggrin and other markers for keratiniza-
tion [ 28 ]. The authors found that in the margin of 
the spreading psoriatic plaque and in the plaque 
itself, the expression of fi laggrin in the stratum 
corneum and stratum granulosum was discon-
tinued or absent. The study also supported the 
notion that fi laggrin is unaffected on the genetic 
level in patients with psoriasis by demonstrating 
that fi laggrin expression in uninvolved skin was 
similar to that found in skin biopsies from indi-
viduals without psoriasis. In 2007, Hüffmeier 
studied the expression of fi laggrin in biopsies 
obtained from lesional skin from 10 patients with 
psoriasis and showed that epidermal  FLG  expres-
sion was reduced in 8 out of 10 patients, and in 
2 patients there was an almost complete lack of 
 FLG  expression [ 2 ]. In contrast, Kim et al. dem-
onstrated defi ciency of fi laggrin expression in 
both lesional and non- lesional skin from patients 
with psoriasis; however, fi laggrin expression was 
signifi cantly reduced in lesional compared to 
non-lesional skin samples [ 29 ]. There are several 

possible explanations for the downregulation of 
fi laggrin expression in lesional psoriatic skin. 
Expression of fi laggrin is a calcium-dependent 
process that is downregulated after blocking the 
N-methyl- d - aspartate  (NMDA) receptor [ 30 ]. 
In 2004, Fischer et al. demonstrated that the 
expression of NMDA in the superfi cial epider-
mis was reduced in psoriasis. The NMDA recep-
tor participates in the regulation of keratinocyte 
intracellular calcium, and, therefore, NMDA 
receptor defi ciency associated with psoriasis 
may result in concomitant reductions of fi laggrin 
expression [ 31 ]. Another possible explanation 
for the downregulation of fi laggrin expression in 
psoriasis may be the overexpression of TNF-α 
as seen in psoriasis [ 32 ,  33 ]. Kim et al. showed 
that fi laggrin expression was signifi cantly inhib-
ited in keratinocytes treated with TNF-α and that 
TNF-α-neutralizing antibody blocked the in vitro 
TNF-α-mediated inhibition [ 29 ]. Another mech-
anism was proposed by Hvid et al. investigating 
the effect of caspase 14, a proteinase that prob-
ably plays a role in the maturation process of the 
epidermis [ 34 ]. Caspase 14 defi ciency results in 
abnormal accumulation of fi laggrin fragments 
in the stratum corneum due to decreased break-
down of fi laggrin into hygroscopic amino acids 
resulting in decreased barrier function. Hvid 
et al. demonstrated that protein levels of caspase 
14 were signifi cantly reduced in keratinocytes 
following stimulation with the Th1-associated 
cytokine IFN-γ, which is elevated in lesional 
psoriatic skin. In addition, the authors showed 
that levels of fi laggrin mRNA in keratinocytes 
decreased signifi cantly in response to stimula-
tion with IFN- γ. Downregulation of fi laggrin 
expression in psoriatic skin lesions might also be 
due to elevated levels of circulating interleukin 
(IL)-17. IL-17 is an important cytokine in pso-
riasis, which is elevated in both serum and skin 
in these patients [ 35 ]. Little is known about how 
IL-17 exerts its effect on fi laggrin expression and 
function; however, the study showed that pro-
fi laggrin mRNA levels decreased signifi cantly in 
cell cultures exposed to IL-17. Taken together, 
current knowledge indicates that infl ammatory 
mechanisms in psoriatic as in atopic skin can 
lead to downregulation of fi laggrin expression. 
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 In summary, there is little evidence to support 
a correlation between  FLG  gene mutations and 
psoriasis except in Asian individuals, in which 
two rare  FLG  gene variants have been shown to 
be associated with psoriasis. Several studies have 
shown a decreased fi laggrin expression in lesional 
psoriatic skin probably due to secondary down-
regulation of fi laggrin expression by infl amma-
tory mechanisms.     
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27.1            Introduction 

 One of the key functions of the skin is to act as a 
barrier against microbes and infections. The skin 
barrier is composed of both the physical epider-
mal barrier and the innate immune barrier, which 
act together to protect and maintain microbial 
balance of the skin. 

 Filaggrin is one of the major components 
of the stratum corneum, the tough, outermost 
layer of the physical skin barrier. Together with 
other structural proteins such as loricrin, invo-
lucrin, and small proline-rich proteins, fi laggrin 
is heavily cross-linked with the lipid constitu-
ents, including ceramides, cholesterol, and free 
fatty acids, to form the hydrophobic lipid-protein 
extracellular matrix. This extracellular matrix 
seals and envelops the multiple layers of corneo-
cytes, which comprise the cellular component of 
this complex stratum corneum barrier [ 1 ]. 

 Once thought to contribute only to the protec-
tive water-proofi ng function of the stratum cor-
neum through its keratin-binding properties and 
production of “natural moisturizing factors” from 
proteolytic degradation, fi laggrin is now increas-
ingly known to be the driving force in a wide 
range of metabolic, immune, and infl ammatory 
processes of the skin barrier. 

        E.  Y.   Gan ,  MBBS(Hons), MRCP(UK),
MMed(IntMed)      •    M.  B.  Y.   Tang ,  MBBS, 
MMED, FRCP (UK), FAMS      (*) 
  Department of Dermatology ,  National Skin Centre , 
  1 Mandalay Road ,  Singapore   308205 ,  Singapore   
 e-mail: emily.ganyp@gmail.com; 
marktang@nsc.gov.sg   

    S.  C.  S.   Cai ,  BA (Hons), MS      
     Duke-National University 
of Singapore Graduate Medical School , 
  8 College Road ,  Singapore   169857 ,  Singapore   
 e-mail: scai@nus.edu.sg  

  27      Filaggrin and Skin Infections 

           Emily     Y.     Gan      ,     Sophie     C.    S.     Cai      , and     Mark     B.    Y.     Tang     

Contents

27.1  Introduction ..............................................  279

27.2  Filaggrin Defi ciency in Atopic 
Dermatitis: Both Genetic 
and Acquired Causes ...............................  280

27.3  Filaggrin Defi ciency and the Increased 
Risk of Bacterial Infections in AD ..........  280

27.4  Filaggrin Defi ciency and the Increased 
Risk of Viral Infections in AD .................  281

27.4.1  Herpes Simplex Virus ................................  281
27.4.2  Molluscum Contagiosum (MC) .................  282
27.4.3  Human Papillomavirus ...............................  283
27.4.4  Vaccinia Virus ............................................  283

27.5  Filaggrin Defi ciency and the Increased 
Risk of Fungal Infections in AD .............  284

27.6  Filaggrin Defi ciency and Recurrent 
Skin Infections: Pathogenic 
Mechanisms ..............................................  284

27.6.1  Structural Changes .....................................  285
27.6.2  Biophysical and Functional Changes .........  285
27.6.3  Immune Barrier Dysfunction .....................  286

27.7  Clinical Implications ...................................  286

  Conclusion ..............................................................  287

 References ...............................................................  288 

mailto:emily.ganyp@gmail.com
mailto:marktang@nsc.gov.sg
mailto:scai@nus.edu.sg


280

 This chapter discusses the crucial role that fi l-
aggrin plays in maintaining stratum corneum 
function and homeostasis, focusing especially on 
skin infections in patients with atopic dermatitis 
(AD). It also reviews the vicious cycle where skin 
infections affect fi laggrin production and degra-
dation, leading to an acquired fi laggrin defi ciency 
and barrier abnormality, which further perpetu-
ates the existing infection.  

27.2     Filaggrin Defi ciency in 
Atopic Dermatitis: Both 
Genetic and Acquired Causes 

 Mutations in the human fi laggrin gene ( FLG ) have 
been shown to be the most signifi cant risk factor to 
date for AD [ 2 ], a highly prevalent, chronic relaps-
ing infl ammatory skin condition. AD patients with 
 FLG  null mutations have been shown to have 
early-onset disease, increased disease severity, 
more persistent disease, and a greater risk of aller-
gic sensitization and asthma [ 3 ].  FLG  mutations 
have also been found to be population specifi c and 
heterogeneous, with up to 50 % of Irish AD 
patients having at least one null mutation, com-
pared to only 20 % in a Chinese AD cohort [ 4 ]. 

 It is noteworthy that even in patients without 
 FLG  null mutations, acquired fi laggrin defi ciency 
has been demonstrated due to the predominant 
Th2 cytokine milieu in AD [ 5 ]. Specifi cally, it has 
been shown that Th2 cytokines, such as interleu-
kin (IL)-4 and IL-13, signifi cantly downregulate 
keratinocyte fi laggrin expression. Furthermore, 
the upregulation of IL-25 [ 6 ], IL-22 [ 7 ], and 
IL-17 [ 8 ] in AD has been shown to inhibit the 
synthesis of fi laggrin. These fi ndings reinforce 
the intricate role of infl ammation and cytokines 
in inhibiting fi laggrin expression in AD, regard-
less of  FLG  status. Recently, a dose- dependent 
effect on AD risk attributed to intragenic copy 
number variation within the  FLG  has been 
reported, highlighting the importance of fi laggrin 
dose in disease pathogenesis [ 9 ]. Taken together, 
these fi ndings highlight the ubiquitous presence 
of fi laggrin defi ciency in AD, whether secondary 
to inherent genetic causes or to acquired immune 
responses, reinforcing its crucial role in the dis-
ease’s pathogenesis. 

 It is well established that AD patients have a 
unique propensity to be colonized or infected by 
microbial organisms. This is fundamentally 
attributed to the underlying physical skin barrier 
dysfunction and abnormalities in both innate and 
adaptive immune responses in AD [ 10 ,  11 ]. 
Essentially, the skin barrier dysfunction readily 
allows penetration of multiple allergens or hap-
tens, which enhance allergic infl ammation. The 
allergic infl ammation derived from underlying 
immunological abnormalities in turn further 
damages the skin barrier. This incessant sequence 
cycle therefore explains why AD patients are par-
ticularly vulnerable to surface infections by 
pathogenic bacteria, fungi, and viruses. 

 Recent evidence is emerging to support the 
central role that fi laggrin defi ciency has in con-
tributing to the increased risk of cutaneous infec-
tions in AD.  

27.3     Filaggrin Defi ciency 
and the Increased Risk 
of Bacterial Infections in AD 

 Recurrent bacterial infections are a major com-
plication and therapeutic challenge in AD 
patients. In particular, up to 90 % of AD patients 
are colonized with  Staphylococcus aureus  ( S. 
aureus ) [ 12 ], compared to a third of the general 
community [ 13 ], and recolonization after a 
course of systemic antimicrobial therapy occurs 
rapidly, often with the same toxin-producing 
strains [ 14 ]. Patients infected with  S. aureus  can 
present with widespread impetiginized eczema-
tous plaques, which typically have a golden 
honey yellow crust or may be weepy (Fig.  27.1 ).

    S. aureus  colonization plays an important role 
in disease pathogenesis and triggering of recur-
rent fl ares in AD. The density of  S. aureus  on AD 
skin has also been associated with an increase in 
clinical severity [ 15 ]. 

 Multiple  S. aureus -associated virulence fac-
tors, including pro-infl ammatory, superantigenic 
enterotoxins, such as staphylococcal enterotoxin-
 b (SEB), can directly activate the infl ammatory 
cascade in AD.  S. aureus  adhesins, part of the 
family of microbial surface components recog-
nizing adhesive matrix molecules (MSCRAMMs), 
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function as bridging or anchoring molecules 
between the bacterium and host cells and may 
play a role in  S. aureus  adhesion to AD skin [ 16 ]. 
 S. aureus  induces scratching by stimulating the 
release of the highly pruritogenic cytokine, IL-31 
[ 17 ]. It can also directly disrupt the skin barrier 
by the production of bacterial proteases, which 
break down epidermal proteins such as fi laggrin. 

 Host factors are similarly responsible for the 
increased  S. aureus  colonization found in AD, 
most importantly, the dysfunctional physical and 
immune skin barrier that facilitates  S. aureus  
adhesion and invasion. This inherently vulnera-
ble skin barrier is further disrupted by the inces-
sant itch-scratch cycle [ 18 ], a hallmark of AD 
that results in recurrent traumatic breaks in the 
skin that predispose to skin sepsis. In addition, a 
defective immune system, with an innate or 
acquired defi ciency of antimicrobial peptides 
including human beta-defensins 2 and 3 and 

reduced Toll-like receptor-2 [ 19 ,  20 ], has also 
increased susceptibility to recurrent infections 
in AD. 

 The role of fi laggrin and recurrent bacterial 
infection was reported in a recent landmark study 
that highlighted the association of  FLG  null 
mutations and the risk of recurrent skin infection 
in a cohort of Singaporean Chinese patients with 
AD [ 21 ]. The study found that AD patients with 
 FLG  mutations had approximately seven times 
higher risk of having more than four episodes of 
skin infection in the past year compared to those 
without  FLG  mutations (odds ratio 6.74; 95 % 
confi dence interval 2.29–19.79). Patients with 
 FLG  null mutations also had signifi cantly more 
episodes (median fi ve episodes) compared to 
those without the mutation (median one episode). 
This risk was independent of disease severity and 
previous use of oral corticosteroids. In fact, the 
susceptibility to recurrent infections was greater 
in those with mild or moderate disease,  suggesting 
that  FLG  status was the key contributory factor 
for the increased risk, even in patients with 
mild AD. 

 Further evidence for the role of fi laggrin in 
recurrent bacterial infection can be gathered from 
“Netherton syndrome” (NS), a genodermatosis 
with severe AD-like features, elevated IgE levels, 
underlying Th2 predominance, and a propensity 
to recurrent skin infections, especially with  S. 
aureus  [ 22 ]. NS is caused by a loss-of-function 
mutation in the serine protease inhibitor  SPINK5 , 
leading to loss of inhibition of serine protease 
activity, causing severe skin barrier degradation, 
including the uncontrolled degradation of fi lag-
grin [ 23 ]. It is possible that the relative fi laggrin 
defi ciency may contribute in part to the recurrent 
infections in NS.  

27.4     Filaggrin Defi ciency 
and the Increased Risk 
of Viral Infections in AD 

27.4.1     Herpes Simplex Virus 

 AD patients are at increased risk of various viral 
infections such as herpes simplex infection and 
molluscum contagiosum. Of greatest clinical 

  Fig. 27.1    Infected and fi ssured eczematous plaques on 
the legs of an AD patient with a known R4307X mutation 
in the  FLG  gene       
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 signifi cance is eczema herpeticum (EH), a seri-
ous infective complication of AD, resulting from 
disseminated cutaneous herpes simplex virus 
infection. EH is associated with high patient 
morbidity. The typical clinical presentation of 
EH is an acute, sudden worsening of rashes and 
skin pain, with the pathognomonic fi ndings of 
widespread monomorphic vesicles and crusted 
erosions on an erythematous base (Fig.  27.2 ). 
Secondary complications such as keratoconjunc-
tivitis, meningitis, encephalitis, viremia, and sec-
ondary bacterial sepsis can occur.

   Epidemiological evidence suggests that AD 
patients with increased disease severity, asthma, 
increased sensitization to external allergens, and 
higher levels of circulating eosinophils and serum 
chemokine (C-C motif) ligand 17 (CCL17) are at 
greater risk of developing EH [ 24 ]. Recently, the 
link between fi laggrin defi ciency and the risk of 
EH has also been reported. Gao et al. showed that 
loss-of-function null mutations R501X and 
2282del4 in the  FLG  were signifi cantly associ-
ated with EH in a cohort of white American AD 
patients [ 25 ]. Similarly, the frequency of the 
R501X mutation was higher in African-American 
AD patients with EH compared to those without. 

 A reduction in claudin-1, the key protein of 
the tight junctions located at the stratum granulo-
sum, has been reported to enhance susceptibility 
to herpes simplex viral infection [ 26 ] in AD 

patients. Interestingly, tight junction disruption 
of the stratum corneum has also been reported in 
fi laggrin-defi cient AD patients, due to reduced 
tight junction protein and corneodesmosin 
expression [ 27 ], and this may lend support to the 
role of the dysfunctional skin barrier, including 
fi laggrin defi ciency, in raising the risk of herpes 
infections.  

27.4.2     Molluscum Contagiosum (MC) 

 Some studies have shown that AD patients are at 
increased risk of infection with the  molluscum 
contagiosum virus , which is a DNA poxvirus. 
The typical lesion is a skin-colored or yellow-
ish papule with central umbilication and can 
occur singly or present in a disseminated pattern 
(Fig.  27.3 ).

   This increased risk has been attributed to 
the disturbed skin barrier and impaired cellular 
immunity [ 28 ]. More recent studies show that 
an impaired recruitment of plasmacytoid den-
dritic cells in AD patients is a relevant risk fac-
tor for viral infections such as MC and EH [ 29 ]. 
A reduced level of antimicrobial peptides, such 
as cathelicidin LL37, also increases the risk of 
AD patients developing MC infection [ 30 ]. 
Compared to non-AD patients, MC infection 
may be more therapeutically challenging with a 

  Fig. 27.2    Eczema 
 herpeticum. Numerous 
monomorphic erosions on a 
background of severe 
hyperkeratosis and 
 lichenifi cation of the knees 
of an AD patient with a 
known S406X mutation in the 
 FLG  gene       
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higher risk of persistence and dissemination in 
AD patients [ 31 ]. 

 Altered fi laggrin expression has been reported 
in MC infection with fi ndings of early expression 
of involucrin and fi laggrin secondary to virally 
induced, altered keratinocyte differentiation and 
maturation [ 32 ,  33 ]. The altered fi laggrin expres-
sion may therefore potentiate any preexisting 
 fi laggrin defi ciency in AD patients and further 
facilitate the dissemination and persistence of the 
virus.  

27.4.3     Human Papillomavirus 

 Much less commonly, AD patients have increased 
human papillomavirus (HPV) infections or gen-
eralized verrucosis [ 34 – 36 ]. This observation still 

remains controversial, as different population- 
based studies have reported contradictory data 
[ 37 – 40 ]. However, it is the association between 
the presence or absence of active eczema in 
AD patients and the number of warts, which is 
interesting, where Beltrani et al. showed that 
AD patients with active eczema demonstrated a 
signifi cantly higher prevalence of multiple warts 
compared to those with inactive disease (39 % 
versus 20 %) [ 41 ]. 

 Lower levels of cytokine production, specifi -
cally interferons (IFNs) such as IFN-γ, have been 
found in AD [ 42 ]. Further downregulation of IFN 
production and major histocompatibility class I 
expression by certain HPV subtypes (e.g., HPV 
38) allows the viral warts to escape recognition 
by the immune system and persist [ 35 ]. 

 An acquired fi laggrin defi ciency occurs in 
HPV infection arising from abnormal keratiniza-
tion affecting the expression of profi laggrin. 
Modifi cations of fi laggrin expression have been 
reported in patients diagnosed with Bowen’s dis-
ease, genital bowenoid papulosis [ 43 ], and epi-
dermodysplasia verruciformis plane wart-type 
lesions [ 44 ]. These changes are related to the 
abnormal keratinization process rather than to the 
presence of HPV DNA [ 43 ]. The pattern of fi lag-
grin distribution in samples from patients with 
cervical HPV infections [ 45 ] varies with onco-
genic HPV strains and the presence or absence of 
cervical intraepithelial neoplasia, suggesting that 
the severity of the disturbance in keratinocyte dif-
ferentiation and, hence, fi laggrin expression may 
be infl uenced by the degree and virulence of 
HPV infection. 

 Although the above fi ndings were not reported 
specifi cally in AD or other diseases with an 
inherited defi ciency of fi laggrin, it is possible that 
the acquired fi laggrin defi ciency in HPV infec-
tion may have a role in perpetuation of infection 
by contributing to barrier dysfunction.  

27.4.4     Vaccinia Virus 

 Finally, it has been recommended that smallpox 
vaccination be avoided in AD patients and their 
household contacts because they can have a 

  Fig. 27.3    Molluscum contagiosum. Skin-colored, 
umbilicated papules clustered around the popliteal fossa 
in a young child with fl exural AD       
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severe, widespread, and potentially fatal cutane-
ous infection called eczema vaccinatum. 

 In ovalbumin-sensitized BALB/c (wild-type) 
mice with similar allergic skin infl ammation as in 
AD, vaccinia virus inoculation led to a more 
severe dissemination of the virus with increased 
IL-17 expression compared to unsensitized con-
trols [ 46 ]. In a fi laggrin-defi cient fl aky tail mouse 
AD model subject to epicutaneous sensitization 
with protein antigens, there was also increased 
IL-17 expression with eczematous infl ammation 
[ 47 ]. Increased IL-17 is known to reduce fi lag-
grin synthesis [ 8 ] and to suppress natural killer 
cell activity against the vaccinia virus [ 48 ]. 

 Similar to MC and HPV infections, the clini-
cal applicability or signifi cance of how infection 
with vaccinia virus leads to an acquired fi laggrin 
defi ciency and the extent to which this can 
account for the increased severity of infection in 
AD patients remain to be elucidated.   

27.5     Filaggrin Defi ciency 
and the Increased Risk 
of Fungal Infections in AD 

 Fungi such as  Malassezia  [ 49 ],  Candida albicans  
[ 50 ], and possibly  Trichophyton rubrum  [ 51 ] 
have been reported to play a role in the pathogen-
esis of AD and have been associated with 
increased disease severity and disease fl ares. 

  Malassezia  colonization, which is more prev-
alent in AD patients compared to healthy individ-
uals [ 52 ], shows a different pattern on AD skin 
compared to healthy skin [ 53 ] and may aggravate 
AD due to an allergic reaction, especially on 
the head and neck of adults [ 54 ]. A signifi cant 
proportion of AD patients have demonstrated 
positive results with skin prick tests, intradermal 
tests, and atopy patch tests to  Malassezia  antigens 
[ 52 ,  55 ]. An increased reaction of specifi c IgE to 
 Malassezia furfur  in AD patients is also known to 
occur, when compared to healthy controls [ 56 ], 
suggesting that IgE- mediated sensitization to 
 Malassezia  has a role in the pathogenesis of AD 
[ 57 ]. Notably,  Candida albicans  is also a potent 
intrinsic factor in inducing AD skin lesions, 
attributed to the IgE- mediated  hypersensitivity of 

the  Candida albicans  antigen [ 58 ]. In therapeu-
tic proof of concept, antifungal therapy has been 
reported to be benefi cial in the treatment of some 
AD patients [ 59 ]. 

 It is known that tinea corporis, a superfi cial 
mycotic infection caused by dermatophytes such 
as  Trichophyton rubrum , can lead to skin barrier 
disruption and altered epidermal proliferation 
and differentiation with reduced expressed of 
keratin K10 and cornifi ed envelope proteins 
including involucrin, loricrin, and fi laggrin [ 60 ]. 
Reduced fi laggrin expression correlated with the 
reduced skin hydration present in these patients, 
which may explain how tinea infections can 
aggravate eczematous lesions in AD. 

 To our knowledge, there has been no published 
data that seals the link between fungal infection, 
fi laggrin defi ciency, and the greater risk of these 
infections in AD patients. However, there have 
been reports of localized [ 61 ] and widespread der-
matophyte infection [ 62 ,  63 ] occurring in patients 
with ichthyosis vulgaris (IV), the most common 
inherited disorder of keratinization, attributed 
to semidominant loss-of- function mutations in 
 FLG . In an Indian study of chronic dermatophy-
tosis, IV was present in 25 % of patients, and 
atopy was the most common systemic manifesta-
tion [ 64 ]. It has been postulated that as a result of 
altered keratinization, ichthyotic skin provides a 
more favorable habitat for fungi growth and sur-
vival compared to normal skin. Notwithstanding, 
since IV is commonly associated with atopy, the 
inherited fi laggrin defi ciency may not be the sole 
contributing factor toward more fungal infections 
in such patients.  

27.6     Filaggrin Defi ciency and 
Recurrent Skin Infections: 
Pathogenic Mechanisms 

 The mechanisms by which fi laggrin defi ciency 
contributes to increased susceptibility to infec-
tions are multifold and include structural, bio-
physical, and functional changes in the epidermal 
barrier as well as modifi ed immunomodulatory 
responses that perpetuate the skin barrier dys-
function [ 65 ] (Fig.  27.4 ).
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27.6.1       Structural Changes 

 The presence of  FLG  mutations with resultant fi l-
aggrin defi ciency is associated with dose- 
dependent alterations in epidermal structure and 
permeability. These structural changes are wide 
ranging, especially in the extracellular protein- 
lipid matrix component of the stratum corneum, 
with abnormalities in keratin fi lament organiza-
tion, lamellar body function, lamellar bilayer 
architecture, corneodesmosome density, and tight 
junction protein expression [ 27 ]. As a conse-
quence, the defective epidermal barrier loses its 
protective function and predisposes to greater 
pathogen penetration as demonstrated by 
increased transepidermal water loss (TEWL) and 
enhanced percutaneous penetration of allergens 
in the fl aky tail mouse model with murine  FLG  
mutation [ 66 ,  67 ] as well as a disturbed diffusion 

barrier in the dye penetration assay [ 68 ]. 
Increased disease severity of AD patients with 
 FLG  mutations may also be associated with 
increased intensity of pruritus, leading to more 
frequent scratching and breaks within the skin, 
which ease the entry of pathogens, leading to a 
higher risk of infection or koebnerization of viral 
infections such as MC.  

27.6.2     Biophysical and Functional 
Changes 

 In the fi nal stages of epidermal differentiation, 
fi laggrin is ultimately degraded into component 
contributing to the “natural moisturizing factor,” 
in particular pyrrolidone carboxylic acid and uro-
canic acid [ 69 ]. These acidic breakdown products 
play a crucial role in maintaining the protective 
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acidic skin mantle [ 70 ], and the presence of  FLG  
mutations has been linked to an increased skin- 
surface pH [ 71 ,  72 ]. 

 Pathogens, such as  S. aureus , have to over-
come this acidic barrier to survive on the skin. 
Notably, elevated skin-surface pH may facili-
tate bacterial growth of  S. aureus  [ 73 ], through 
enhanced  S. aureus  adhesion and multiplication 
[ 74 ]. This may be attributable to the lack of fi l-
aggrin breakdown products that have also been 
shown to reduce the expression of key virulence 
factors produced by  S aureus , such as clumping 
factor B, fi bronectin-binding protein A, protein 
A, and iron-regulated surface determinant protein 
A, which are involved in the colonization of kera-
tinocytes and immune evasion [ 74 ,  75 ]. 

 The acidic pH of the skin barrier is also criti-
cal for the regulation of epidermal serine prote-
ases, and an increased skin-surface pH results in 
serine protease overactivity. This can lead to fur-
ther fi laggrin degradation [ 76 ]. The overactivity 
of serine proteases also activates plasminogen 
activator type 2 (PAR-2) receptors, which block 
lamellar body secretion in the stratum granulo-
sum [ 77 ,  78 ] leading to further disruption of the 
skin barrier in AD. 

 Finally, fi laggrin has been found to play a pro-
tective role against  S. aureus  α-toxin by mediat-
ing the secretion of sphingomyelinase, an enzyme 
that reduces the expression of keratinocyte cell- 
surface receptors for α-toxin [ 79 ]. Thus, fi laggrin- 
defi cient keratinocytes are preferentially targeted 
and destroyed by  S. aureus  α-toxin.  

27.6.3     Immune Barrier Dysfunction 

 Both the physical skin barrier and the cutane-
ous immune skin barrier are inextricably linked. 
Defects in epidermal barrier secondary to fi lag-
grin defi ciency have been shown to impact the 
cutaneous immune barrier, and vice versa. For 
instance, PAR-2 activation by serine proteases, 
as a result of fi laggrin defi ciency or barrier per-
turbation, leads to a cascade of innate infl amma-
tory responses, including the activation of thymic 
stromal lymphopoietin (TSLP), the master 
switch that initiates Th2 infl ammatory responses 

[ 80 ], central in the immunopathogenesis of 
AD. Barrier disruption infl icted by persistent 
scratching in AD patients also polarizes the skin 
dendritic cells to elicit a Th2 response by upregu-
lating local expression of TSLP [ 81 ]. 

 This predominant Th2 cytokine milieu 
decreases the induction of innate immune 
response genes [ 82 ], decreases antimicrobial 
peptide expression [ 30 ], increases skin bind-
ing of  S. aureus  [ 16 ], and induces a defec-
tive IFN-γ response to bacterial toxins [ 83 ]. 
Moreover, as highlighted previously, Th2 cyto-
kines such as IL-4, IL-13, IL-25, and IL-17 can 
also indirectly inhibit keratinocyte expression 
of fi laggrin [ 5 ,  7 ], through modulation of the 
calcium-sensing protein S100A11 that impairs 
keratinocyte differentiation [ 84 ], further aggra-
vating the physical barrier defect. 

 Another key factor is the close interaction 
of dendritic cell (DC) dendrites and keratino-
cyte tight junctions [ 85 ], where antigens need to 
penetrate leaky tight junctions to be taken up by 
DCs. With the damage to the epidermal barrier 
and reduction of tight junctions in fi laggrin defi -
ciency as highlighted earlier, DC function is dis-
organized, and this may promote their uptake of 
antigens from the skin surface. This subsequently 
leads to the release of epithelial-derived adjuvants 
that can favor Th2 and Th17 immune responses 
[ 26 ]. DCs produce IL-25, which not only stimu-
lates Th2 response [ 86 ] but also downregulates 
fi laggrin synthesis in vitro [ 6 ]. There is also an 
increased expression of IL-22 by CD4+ T cells, 
which are induced by epidermal Langerhans cells 
and dermal DCs [ 87 ], resulting in a decreased 
expression of fi laggrin [ 88 ]. These cytokine prod-
ucts therefore establish an autocrine feedback 
loop that exacerbates the skin barrier dysfunction.   

27.7     Clinical Implications 

 While personalized medicine is the ultimate goal 
for informed, targeted therapy in AD, to our 
knowledge, there are no current guidelines that 
differentiate the treatment or prophylaxis of skin 
infections in fi laggrin-defi cient AD patients com-
pared to the general AD population. 
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 As such, a multipronged approach targeting 
the key pathogenic factors in AD is critical in the 
management of this chronic disease in order to 
reduce recurrent skin infections. Active skin bar-
rier restoration with lipid-enriched emollients has 
been shown to decrease disease severity [ 89 ] and 
reduce TEWL and is fundamental for long-term 
disease control. Ceramide-dominant moisturizers 
are thought to permeate the stratum corneum and 
actively restore the lipid barrier defects [ 90 ]. The 
use of low-pH, soap-free cleansers, instead of 
harsh alkaline soaps, to restore and maintain the 
acid mantle of the skin barrier is often recom-
mended for AD patients. 

 Anti-infl ammatory therapy with topical cor-
ticosteroids and calcineurin inhibitors is critical 
as part of AD treatment, and they reduce bacte-
rial skin colonization [ 91 – 94 ]. Although topical 
tacrolimus is not associated with an increased 
risk of infections [ 95 ], there have been reports of 
herpes simplex infection, MC [ 96 ], and extensive 
varicella zoster infection [ 97 ] so caution should 
be exercised with its use. Interestingly however, 
the use of systemic immunosuppressives such 
as ciclosporin has not been associated with an 
increased risk of infections in a cohort of Korean 
AD patients [ 98 ]. Suppressing the Th2 infl amma-
tory response in AD with corticosteroids [ 99 ] and 
calcineurin inhibitors is the cornerstone in AD 
treatment, and theoretically this may decrease 
the Th2 cytokine milieu-mediated suppression of 
fi laggrin synthesis and reduce the allergic infl am-
mation triggered by  S. aureus , thereby concomi-
tantly improving the dysfunctional barrier and 
decreasing bacteria-induced damage. However, 
studies have paradoxically shown that topical 
corticosteroids cause thinning of the epidermal 
barrier and affect epidermal lipid synthesis [ 2 ], 
so a balance needs to be struck when assessing 
the need for continuation of therapy. 

 At present, there is no clear consensus on the 
best way to eradicate  S. aureus  or reduce the 
recolonization of AD patients. Although sev-
eral studies have demonstrated that  S. aureus  
decolonization may improve AD outcomes, a 
recent Cochrane review concluded that further 
 long- term, randomized controlled antimicrobial 
intervention trials are urgently required in this 

area [ 100 ]. Unfortunately, this review did not 
stratify patients according to disease severity or 
whether  FLG  mutations were present. It is clear 
that AD patients require long-term maintenance 
decolonization since short-term, acute interven-
tions cannot be effectively sustained [ 14 ]. Some 
of the factors responsible for recolonization of 
 S. aureus  in AD include nasal carriage, drug 
resistance, environmental contamination, and 
the presence of colonized close contacts [ 101 ]. 
Specifi c prophylactic measures that have been 
used to reduce bacterial infections and recolo-
nization in AD include the regular use of soap-
free, alcohol-free antiseptic washes, bleach 
baths, and decolonization protocols such as the 
nasal application of nasal mupirocin ointment, 
oral decontamination with 0.2 % chlorhexidine 
gargle, and topical application of mupirocin oint-
ment to major skin folds and clinically infected 
eczematous lesions. However, the judicious use 
of both oral and topical antibiotics, especially 
fusidic acid and mupirocin ointment, is highly 
recommended and essential to minimize the 
development of antibiotic resistance, which is 
increasing. 

 A high index of suspicion is needed for the 
early recognition of EH to ensure timely treat-
ment and to reduce complications. Often, EH is 
misdiagnosed as a bacterial infection or as mul-
tiple excoriations in the context of an AD fl are. 
The use of long-term antiviral drugs such as acy-
clovir or valaciclovir to suppress herpes reactiva-
tion has been reported in AD patients with 
recurrent or recalcitrant EH attacks [ 102 ]. 

 Finally, given the dose-dependent effect of fi l-
aggrin on disease pathogenesis, it has been postu-
lated that a modest upregulation of epidermal 
fi laggrin might have critical protective and thera-
peutic effects [ 9 ], including the prevention of 
skin infections in AD.  

    Conclusion 

 Filaggrin is an important component of the 
epidermal barrier, and its defi ciency may be 
associated with increased infections. The evi-
dence for this is strongest in fi laggrin-defi -
cient AD patients who are at signifi cantly 
higher risk of both bacterial and viral skin 
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infection. Skin infections, especially second-
ary to  S. aureus , can also result in changes in 
fi laggrin expression, either directly or through 
immune-mediated mechanisms. Interestingly, 
patients with only IV, a genodermatosis due 
to loss-of-function  FLG  mutations, do not 
appear to be at greatly increased risk of bacte-
rial or viral skin infections, despite having 
absent or reduced fi laggrin expression in their 
epidermal barrier. This highlights the need for 
further research into the key pathogenic 
mechanisms of host-pathogen interactions in 
fi laggrin defi ciency, to identify other compen-
satory mechanisms that may have a crucial 
role in this area. Further research into the 
upregulation or replacement of fi laggrin in 
the skin as a means of protection against 
infection is also needed, as it may prove to be 
an exciting, novel treatment option for AD 
patients.     
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        Filaggrin gene ( FLG ) mutation carriage increases 
the risk of atopic dermatitis (AD), contact allergy, 
asthma, hay fever, and peanut allergy. These 
genetic variants also infl uence the severity of 
asthma and alopecia areata and susceptibility to 
herpetic infection [ 1 ]. Squamous cell carcinoma 
(SSC) in the skin is perhaps the most rapidly 
increasing malignancy arising through mutations 
in epidermal cells in sun-exposed areas. UVB 
radiation damages the DNA and its repair system 
and causes mutations in tumor-suppressing genes. 
The risk of metastasis increases if the mutated 
cells penetrate the dermis. Other risk factors for 
SCC include chronic sun exposure to UVB and 
UVA, a suppressed immune system due to treat-
ment effects, exposure to cyclic aromatic hydro-
carbons in tar, or long-standing infl ammation. 
Basal cell carcinoma (BCC) arises from basal 
keratinocytes in epidermis. In this kind of tumor, 
UVB is also important for the induction of dam-
aging the DNA and its repair system and also 
causing mutations in tumor- suppressing genes. 
BCC grows by direct extension and almost never 
metastasizes. Malignant melanoma (MM) is a 
malignancy of melanocytes located mostly in the 
skin but also in the eyes, ears, central nervous sys-
tem, and gastrointestinal (GI) tract. Malignant 
melanoma accounts for approximately 4 % of 
skin cancers but is responsible for more than 
74 % skin cancer deaths [ 2 ]. The melanocyte 
transformation is poorly understood. It involves a 
series of steps, several unknown, with progressive 
genetic mutation that alters cell proliferation, dif-
ferentiation, and death, and has an impact from 
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the carcinogenic effects of ultraviolet radiation 
[ 3 ]. So far, not much published material exists, 
but this chapter is an attempt to summarize the 
recent literature regarding relations between  FLG  
mutations, AD, and skin cancer. 

28.1     Filaggrin Expression in Skin 
Tumors 

 In the pre- FLG  genotyping era, fi laggrin expres-
sion in SCC was evaluated by indirect immuno-
fl uorescence in two studies. Klein-Szanto et al. 
investigated 27 keratoacanthomas and SCC and 
found that fi laggrin was absent in all SCCs except 
one. It was suggested that the absence of fi laggrin 
in SCCs could be useful in diagnostic procedures 
of skin tumors [ 4 ]. 

 Kvedar et al. examined three markers of kera-
tinocyte differentiation in invasive SCCs—SCCs 
in situ, actinic keratoses, and seborrheic kerato-
ses—by staining with three antibodies, one of 
which was directed against fi laggrin. They con-
cluded that these antibodies were not able to dis-
tinguish between the various types of lesions and 
therefore would not be reliable tools for distin-
guishing malignant from benign lesions [ 5 ].  

28.2     Epidemiological Studies 

 We previously studied the cancer incidence in 
a cohort of patients with AD [ 6 ]. To our knowl-
edge, this was the fi rst large-scale follow-up study 
of patients with AD with cancer as the outcome. 
A total of 15,666 patients hospitalized for AD 
were identifi ed through a Swedish national inpa-
tient database, and their records were linked to 
a national cancer registry. A list of registers and 
numbers used in the study is shown in Table  28.1 . 
On average, patients with AD were followed up for 
15.4 years, yielding 241,867 accumulated patient-
years at risk, 15,471 of which were during the fi rst 
year. After excluding the fi rst year of observation, 
during which 1 case of SCC of the skin occurred, 
we found a total of 331 cases of cancer (190 in 
women, 141 in men). The average age at diagno-
sis of cancer was 53.0 years for women and 54.9 

years for men. The incidence of any cancer (all 
sites) was increased by 13 % (95 % CI, 1–25 %), 
compared with the age- and sex-matched general 
Swedish population. The estimated relative risks 
for all cancer sites and cancer of the skin are listed 
in Table  28.2 . There was a statistically nonsignifi -
cant risk elevation for nonmelanoma skin cancer 
(SIR, 1.5; 95 % CI, 0.8–2.6; 12 patients) but a 
decreased risk for melanoma (SIR, 0.6; 95 % CI, 
0.3–1.2; 10 patients) [ 6 ].

    The fi ndings were in contrast with those of 
a case-control study [ 7 ] that used a mailed sur-
vey and found that 254 patients with a history 
of AD did not seem to develop nonmelanoma 
skin cancers more often than patients with other 

   Table 28.1    Registers and numbers used in cohort study 
by Hagströmer et al. [ 6 ]   

 National Inpatient 
Register [I] 

 A register of hospitalizations 
and discharge diagnoses 

 National Registration 
Number [I] 

 A unique personal identifi er 

 ICD code [I]  International Identifi cation 
of Disease 

 National Swedish 
Cancer Register [I] 

 Codes close to 98 % of all 
malignant neoplasms 

 Total Population 
Register [I] 

 Living persons in Sweden 

 Death Register [I]  IDs of dead persons and 
cause of death 

 Emigrations Register [I]  Persons who have moved 
from Sweden 

   Table 28.2    Standardized incidence ratio (SIR) and 95 % 
confi dence interval (CI) for all cancer types and cancer of 
the skin among patients hospitalized for atopic dermatitis 
from 1965 to 1999 in Sweden [ 6 ]   

 Cancer type 
 No. of patients 
observed 

 SIR (95 % 
CI) 

 All site  331  1.13 
(1.01–1.25) 

  Male  141  1.30 
(1.10–1.54) 

  Female  190  1.02 
(0.88–1.88) 

 Cancer of the skin 
 Squamous cell 
carcinoma 

 12  1.5 (0.8–2.6) 

  Male  8  2.0 (0.9–4.0) 
  Female  3  1.0 (0.3–2.5) 
 Melanoma  10  0.6 (0.3–1.2) 
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 dermatologic conditions. Skin tumors, in contrast 
to tumors of internal organs, are readily observ-
able. For example, prevalent but undiagnosed 
skin tumors may be detected in connection with 
hospital care for AD. However, neither patients 
with BCC nor those with actinic keratosis were at 
the time of study reported in the National Swedish 
Cancer Register. Thus, the nonmelanoma skin 
cancer category included only patients with SCC 
and not those with squamous intraepidermal 
neoplasia or Bowen disease. If a skin tumor was 
diagnosed during the fi rst hospitalization and 
recorded in the Inpatient Register, the affected 
patient would not be included in the cohort. 
Consequently, the cohort members had, in effect, 
been screened for skin tumors before inclusion. 
Therefore, the rate of skin tumors diagnosed dur-
ing the ensuing years was probably somewhat 
lower than in an unscreened population, at least 
in the older age groups (10 years or older) in 
whom skin tumors are not exceedingly rare. This 
hypothetical incidence defi cit is expected to be 
balanced by a bias toward increased detection 
during follow-up as a result of closer dermato-
logic surveillance linked to the presence of any 
chronic skin disorder. As the initial screening 
effect wears off, the presumed detection bias will 
dominate the fi ndings. The net effect on overall 
skin cancer risk is diffi cult to predict, but because 
the cohort, as it is aging, is slowly moving from 
lower to higher absolute risk, any bias will have 
greater impact during the last years of follow-up. 

 It is likely that overestimation of the incidence 
resulting from detection bias will dominate. The 
shift from underestimation (resulting from initial 
screening) to overestimation (resulting from 
detection bias during follow-up) is expected to 
lead to impressions of an increasing relative risk 
over the follow-up period. Although the small 
numbers of patients observed hamper the inter-
pretation of data, the observed decrease in rela-
tive risk with increasing follow-up time is 
probably not the effect of screening or detection 
bias. Instead, it creates questions about the bio-
logical relevance of the nonsignifi cant 50 % over-
all excess risk of nonmelanoma skin cancer in 
our Swedish cohort, seemingly confi ned to the 
fi rst 9 years of follow-up [ 6 ]. 

 A Danish study on 6,275 hospitalized AD 
patients showed similar results as ours, regarding 
risks for all cancer among the 2030 adults included 
(standard morbidity ratio [SMR] 1.5) (95 % CI, 
1.2–1.9) [ 8 ]. They also showed, among the adults 
patients, an increased risk of “keratinocyte can-
cer” (SCC and BCC) (SMR 2.4) (95 % CI, 1.2–
5.4) [ 8 ]. The prevalence of melanomas was not 
increased. A very recent Danish cohort study [ 9 ], 
on more than 30,000 AD patients, also showed 
results in the same direction. The overall observed 
number of MM cases among AD patients was 12, 
with 21 expected, yielding an SIR of 0.59 (95 % 
CI, 0.30, 1.02), with the most pronounced protec-
tive effect among AD patients with more than 5 
years of follow-up (SIR = 0.46; 95 % CI, 0.19, 
0.95). The SIRs for BCC and SCC were increased 
among AD patients (1.41 [95 % CI, 1.07, 1.83] 
and 2.48 [95 % CI, 1.00, 5.11], respectively) [ 9 ]. 
All comparisons with our Swedish cohort are 
somewhat hampered by the fact that BCCs were 
not registered at the time in the Swedish Cancer 
Register. Synnerstad et al. proposed that patients 
with AD have a decreased risk to develop MM 
[ 10 ], which was not the case in our cohort [ 6 ]. 

 On the other hand, an American case-control 
study by Ming et al. of 1,533 cases of NMSC and 
1,378 unmatched controls found that patients with 
NMSC were less likely to have had eczema than 
individuals with other benign skin conditions 
(OR = 0.78 [95 % CI, 0.61–0.98]), and the remain-
ing work did not demonstrate any statistically sig-
nifi cantly increased risk [ 7 ]. Another American 
study that was recently published evaluated pro-
spectively predictors of BCC in 1,131 high-risk 
patients, with sun-damaged skin. Ninety-seven 
percent were men, and the mean age was 72 years. 
The most important predictor was the number of 
BCCs in the prior 5 years, but among the other 
independent risk factors was a history of eczema. 
None of those who reported eczema had used 
topical calcineurin inhibitors [ 11 ]. 

 For MM, a population-based cohort study by 
Arana et al. reported a signifi cant risk increase in 
patients with AD (IRR = 1.74 [95 % CI, 1.25–
2.41]) in contrast to the other publications, 
including ours (three cohort and two case-control 
studies) [ 9 ,  10 ,  12 – 14 ]. 
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 In our previous study, a slight excess of malig-
nant neoplasms was noted among patients with 
AD. The greatest relative excesses were not really 
for skin cancers but for cancers of the esophagus, 
lung, brain, and pancreas and lymphoma [ 6 ]. 
Confounding by smoking and alcohol abuse, how-
ever, could not be excluded. The risk elevations, 
all of which were of borderline statistical signifi -
cance, should be interpreted with caution. The 
combination of multiple signifi cance testing and 
few observed patients may have generated chance 
fi ndings. However, because (1) the cohort had a 
high proportion of young patients, who were not 
yet in the age groups most at risk for developing 
cancer, and (2) the frequency of occurrence of 
most types of cancer increases with age, future 
follow-ups of our cohort would be interesting. 

 Also, eczema and cancer risks have recently 
been critically reviewed by Wedgeworth et al. 
[ 15 ].  

28.3     Skin Cancer and Filaggrin 

 To date few data have been published on the sub-
ject fi laggrin ( FLG ) mutations and skin cancer. In 
a case-control study, a total of 159 patients with 
BCC and 3,346 adult controls from the general 
population were genotyped for the three most 
prevalent  FLG  mutations (R501X, 2282del4, and 
R2447X). No association between  FLG  mutations 
and BCC was found in a gender- and age- adjusted 
analysis (OR = 0.81; 95 % CI, 0.43–1.54) [ 16 ]. 

 The pathogenesis of AD is not fully under-
stood, but several immunological aberrations 
are found, including fi laggrin defects, impaired 
cellular- mediated immunity, elevated serum 
IgE and eosinophil levels, and IgE-bearing 
Langerhans cells. Furthermore, colonization of 
the more or less chronically infl amed lesions by 
microbes—most important, the yeast  Malassezia  
(formerly  Pityrosporum )  orbiculare  and the bac-
terium  Staphylococcus aureus —may contribute 
to the perpetuation of the lesions. In a study from 
Singapore, patients with AD who had  FLG  muta-
tions had approximately a seven times increased 
risk of more than four episodes of skin infection 

requiring antibiotics in the past year (odds ratio 
6.74; 95 % confi dence interval, 2.29–19.79). 
Patients without the  FLG- null mutations were 
controls. The risk was much greater in those with 
mild or moderate disease and was seen in both 
users and nonusers of oral steroids [ 17 ]. 

 Chronic infl ammation and microbial coloniza-
tion or infection in combination with the immune 
impairments (primary infection or adverse effects 
of treatment) may lead to proliferative epidermal 
changes, hence the suspicion of a link to cancer 
development. 

 Both sexes are affected by AD; among adults, 
more women than men have the disease [ 18 ]. 
However, among children 12 years or younger, 
more boys have it than girls. The reason for this 
sex difference is unclear. In Sweden, due to, on 
average, earlier onset of AD among men than 
among women, the duration of the chronic dis-
ease at any given age has generally been longer 
in men. In children, it also seems as if boys have 
a more severe disease than girls [ 18 ]. Therefore, 
it seems reasonable that there might be sex dif-
ferences in risks of adverse long-term conse-
quences of the disease. The atopic disease triad 
consists of hay fever, asthma, and AD. Over the 
life span, an individual with atopic disease may 
suffer from one, two, or all three of the mani-
festations. The connection between AD and lung 
disease has also been manifested previously, 
where lung disease (mainly asthma) was the most 
commonly found non-AD diagnosis, followed 
by other skin diseases and infectious diseases 
[ 6 ]. Although little is known about associations 
between cancer and hay fever, patients with 
asthma seem to be at increased risk for lung can-
cer [ 19 – 23 ], although contradicting results have 
been reported [ 24 – 26 ]. Among other allergic 
manifestations investigated for cancer risks, pos-
itive epicutaneous tests were reportedly linked 
to an overall increased risk of cancer within 20 
years of follow-up in men but not in women 
[ 27 ]. No risk elevations were found among 1,155 
patients with chronic urticaria observed for up to 
27 years [ 27 ]. Thyssen et al. suggested that  FLG  
mutation carriers with self- reported dermatitis 
have an increased risk of contact sensitization, 

L. Emtestam et al.



297

whereas  FLG  mutations alone may not, or may 
only slightly, increase this risk [ 28 ].  

28.4     UV Light and Caspase-14 

 Several experimental data indicate that AD 
patients with  FLG  mutations would be more sen-
sitive to UV light. This would perhaps explain the 
increased incidence of skin cancer in this group 
of patients, as shown in epidemiological stud-
ies. Mildner et al. simply demonstrated that fi l-
aggrin defi ciency by itself is suffi cient to impair 
epidermal barrier formation and that absence of 
fi laggrin results in enhanced UV sensitivity, most 
likely due to the reduction of epidermal uroca-
nic acid [ 29 ]. Normal fi laggrin levels and correct 
functioning of its degrading machinery, which 
involves caspase-14, are of great importance 
for optimal protection of the skin against harm-
ful UVB radiation [ 30 ]. Interestingly, Denecker 
et al. showed that the skin of caspase-14-defi -
cient mice was highly sensitive to the formation 
of cyclobutane pyrimidine dimers after UVB 
irradiation, leading to increased levels of UVB- 
induced apoptosis. Removal of the stratum cor-
neum indicates that caspase-14 controls the UVB 
scavenging capacity of the stratum corneum [ 31 ]. 
Further, it has been indicated that accumulation 
of fi laggrin fragments in caspase- 14  − / −  mice is 
due to a defect in the terminal fi laggrin degrada-
tion pathway. Therefore, the defective fi laggrin 
degradation in caspase-14- defi cient skin results 
in substantial reduction in the amount of natural 
moisturizing factors, such as urocanic acid and 
pyrrolidone carboxylic acid [ 32 ]. 

 In a study by Uddin et al., Skh-1 mice were 
given oral β-damascenone followed by irradia-
tion with UV radiation. It was shown that fi lag-
grin and caspase-14 were increased in enlarged 
sebaceous glands. β-Damascenone protected 
against sunburn by activating a sebaceous gland- 
based pathway that fortifi ed and thickened the 
cornifi ed envelope plus sebum layer in a way that 
previously has been observed to occur only in 
keratinocytes, thus indicating a previously not 
described possible role of fi laggrin [ 33 ].  

28.5     Bringing Science to the 
Clinical Reality 

 None of the epidemiological cancer studies on 
AD so far has looked at the effect of treatment, 
such as phototherapy or immunosuppressive 
therapy, on skin cancer risk. New treatments for 
AD include one of the latest calcineurin inhibi-
tors. The topical calcineurin inhibitors (TCIs) 
tacrolimus and pimecrolimus were approved in 
the United States for the treatment of AD in 2000 
and 2001, respectively, and in Sweden shortly 
thereafter. In 2005, the Pediatric Advisory 
Committee of the US FDA implemented a “black 
box” warning for topical calcineurin inhibitors 
due to the lack of long-term safety data and the 
potential risk of the development of malignan-
cies. Although the elevated cancer risks after 
topical treatment with calcineurin inhibitors 
really are suspected, they have not yet been 
proven. Tennis et al. reviewed the published lit-
erature and found inconsistent data on lympho-
mas following TCI use, insuffi cient to conclude 
on their causal role. They found no evidence that 
would indicate that nonmelanoma or melanoma 
skin cancer is associated with the use of TCI [ 34 ]. 

 Therefore, repeated large cohort cancer inci-
dence studies after the introduction of calcineurin 
inhibitors should be performed. 

 Improved knowledge of the mechanisms that 
drive the infl ammation in AD may lead to a better 
understanding of this disease and shed light on 
the critical role of the epidermal barrier function 
and the immune system as well as the potential 
link between lack of fi laggrin and the develop-
ment of skin cancer. The fi rst step is always 
immunomodulation. Different types of topical 
anti-infl ammatory agents have been shown to 
normalize the reduced fi laggrin expression found 
in lesional AD, a fi nding that is consistent with 
the concept that infl ammation can reduce fi lag-
grin expression [ 35 ]. The second step is moistur-
izers. Grether-Beck et al. studied various 
differentiation markers in the human skin, and 
the fi laggrin expression showed the strongest 
upregulation after urea treatment [ 36 ]. Their fi nd-
ings indicate that fi laggrin expression, which is 
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reduced in a substantial proportion of AD 
patients, is improved by topical applications of 
urea to the skin of heterozygous null allele carri-
ers [ 36 ]. A long time ago, we treated 22 patients 
with AD and found that a moisturizer containing 
urea and sodium chloride was somewhat more 
effective than the same moisturizer without 
sodium chloride, at least concerning the ability to 
reverse impedance indices of atopic skin toward 
normal, an effect ascribed mainly to changes in 
hydration of the stratum corneum [ 37 ]. The third 
step is to avoid excessive sun exposure. 

 Future studies should be aimed at character-
izing the molecular mechanisms involved and to 
provide insight on how to improve treatment for 
patients with AD and to fi nd better ways to reduce 
their risk of getting skin cancer.     
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29.1            Introduction 

 Filaggrin gene ( FLG ) mutations have a signifi -
cant association with a number of common dis-
eases such as atopic dermatitis (AD), asthma, and 
hand eczema [ 1 ,  2 ]. The primary effect of the 
 FLG  mutations is through the effects on the skin 
barrier leading to xerosis [ 3 ].  

29.2     Atopic Dermatitis 

 Historically, AD was fi rst described as an entity 
in the early 1930s. Nexmand, in his thesis from 
1948 [ 4 ], noted an increase in the number of 
AD patients hospitalized in the Copenhagen 
Dermatology Departments during 1930–1946 
(Fig.  29.1 ).

   Later, population-based studies at the end of 
the twentieth century illustrated a signifi cant 
increase in the prevalence of AD [ 5 ,  6 ]. 

 Recently, the question was raised whether AD 
was associated with  FLG  mutations and as a spe-
cifi c variant of the disease. We analyzed this 
question in a retrospective cohort and found that 
the frequency of AD increased slightly more in 
those with the  FLG  mutations, arguing in favor of 
a disease modifi ed by gene-environment interac-
tion [ 7 ].  
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29.3     The Primary Clinical Effects 
of the Filaggrin Gene 
Mutation, Xerosis, and Early 
Onset of Atopic Dermatitis 

 In a prospective study on children born by mothers 
with asthma, we found that the  FLG  mutations were 
associated with a specifi c endotype of AD with a 
dominance of dermatitis on the cheeks and the dorsal 
part of the hands. Interestingly, this is the part of the 
skin that is mainly in prolonged contact with the cli-
mate (leading to  aggravation of xerosis) and endures 
friction from clothes and bed linen [ 8 ]. These early 
signs of dermatitis may be the fi rst step to a lifelong 
disease with AD, asthma, rhinitis, food allergy, and 
irritant allergic contact dermatitis (Fig.  29.2 ).

   AD is today one of the most frequent child-
hood diseases, often continuing into adult life. 
AD, particularly combined with hand eczema in 
childhood, is also the most signifi cant risk factor 
for hand eczema in adults [ 9 ]. Females are at par-
ticular risk due to both domestic and occupa-
tional irritant exposures, leading to onset of hand 
eczema in the early twenties that often persists as 
a chronic disease [ 10 ,  11 ]. Adult-onset hand 
eczema may provoke the fi rst outbreak of AD in 
patients without AD in childhood [ 12 ,  13 ]. 

 Even if AD is common and in some cases dif-
fi cult to treat, the historical perspective tells a dif-
ferent story. The individuals with the  FLG  
mutations represent a special subgroup that often 
requires more intensive treatment and closer 
follow- ups, particularly the homozygotic, which 
constitutes 0.3 % of the population [ 14 ], with the 
tendency to early-onset AD and more severe and 
prolonged problems. 

 AD in patients with  FLG  mutations still repre-
sents a major challenge to clinicians who treat 
patients with chronic widespread dermatitis and 
severe fi ssures, particularly on the hands and feet 
(Fig.  29.3 ).

29.4        Allergic Hand Eczema 

 Contact allergy is more common in individuals 
with both dermatitis and the  FLG  mutations com-
pared to individuals without the mutation [ 15 ]. 
This has been known for nickel allergy for some 
years but seems to be a general trend [ 16 ,  17 ]. 
Probably because of the high histidine content in 
fi laggrin and its degradation products, it is func-
tioning as a specifi c skin barrier for nickel and 
probably other divalent metal ions [ 18 ,  19 ]. The 
 FLG  mutations not only increase the risk of con-
tact allergy but also seem to modify the cause of 
the clinical disease. We recently reported a young 
female who developed severe vesicular bullous 
acute dermatitis on the hands, imitating rubber 
glove dermatitis. She had been contact sensitized 
to sorbitan sesquioleate and had applied a steroid 
ointment containing this emulsifi er and had worn 
a pair of rubber gloves for housekeeping, at the 
same time. The point is that a weak contact aller-
gen can simulate a reaction to a more potent aller-
gen in individuals with  FLG  mutations [ 20 ]. 

a

b

  Fig. 29.1    ( a ,  b ) Historical pictures from Nexmand’s the-
sis of severe AD in a child 2 years of age       
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 Figure  29.4  depicts a patient with an  FLG  
mutation and contact allergy to thiurams who has 
been exposed to rubber gloves. It is our clinical 
impression that the patients with allergic contact 
dermatitis and the  FLG  mutation more frequently 
have problems with long-lasting dermatitis and 
fi ssures.

   Figure  29.5  depicts a 66-year-old female who 
is heterozygotic for  FLG  mutation; she has had 
xerotic skin and slight ichthyosis on her lower 
legs all her life, but she never had AD or hand 
eczema in childhood. At 40 years of age, she 
developed acute vesicular hand eczema due to 
contact allergy to thiuram and exposure to rubber 
gloves. The vesicular component of the hand 
eczema disappeared gradually, and then the der-
matitis transformed into lichenifi ed, slightly 
hyperkeratotic hand eczema located on both the 
dorsal and the volar part of the hands. Her ich-
thyosis on the lower legs at the same time changed 
into a lichenifi ed chronic dermatitis. Most 
 dermatologists, including us, would until a few 
years ago have called such a case “adult-onset 
AD,” but these types of cases [ 12 ] are probably 
not uncommon in individuals with an inborn 
defect of the skin barrier who, because of envi-
ronmental skin exposures to allergens and irri-
tants, develop chronic skin infl ammation that 
leads to degeneration of an already weak skin 
barrier [ 21 ].

   The progress in the understanding of disease 
mechanisms will improve treatment and classifi -
cation of such cases.  

29.5     Protein Contact Dermatitis 

 Protein contact dermatitis is an infl ammatory 
skin disease that can be a result of the protein 
exposure acting either as an allergen or as an irri-
tant. An increased risk of type I sensitization to 
food items has been described in individuals with 
the  FLG  mutations, specifi cally for peanuts [ 22 ] 
and more generally in a large population-based 
study [ 23 ]. 

 We have recently described a heterozygous 
carrier of an  FLG  mutation who most likely 
developed primary occupational type I skin 
allergy to salmon [ 24 ]. She later developed 
asthma and anaphylaxis when she was working 
in a room where salmon were handled. Protein 
contact dermatitis is a diffi cult condition to clas-
sify. In the future, further subclassifi cations by 
genomic studies might be possible in those cases 
that have a skin barrier defect and thereby are 
exposed to the protein through the skin.  

29.6     Irritant Contact Dermatitis 

 Irritant contact dermatitis (ICD) depends on the 
interplay between the quality of the skin barrier 
and the magnitude of the irritant exposure. Irritant 
exposure qualifying for  occupational  ICD is 
today defi ned as 2 h of wet work or 2 h of glove 
use daily [ 25 ]. The defi nition probably only holds 
true for a fraction of individuals. In individuals 
with a defect in the skin barrier, the trauma 

a b

  Fig. 29.2    ( a ,  b ) A 51-year-old male patient who was a 
homozygous  FLG  mutation carrier with a lifelong history 
of AD. As long as he remembered, he had prominent skin 
folds on the palmar and dorsal parts of the hands and fi n-
gers independent of his AD. This symptom is a sign seen 

in many individuals with AD with the  FLG  mutation start-
ing early in life and probably a sign of subclinical infl am-
mation due to a defect skin barrier. The patients often tell 
us that they have been teased during childhood for having 
“elephant fi ngers”       
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a

b

  Fig. 29.3    ( a ,  b ) Severe 
fi ssured hands and feet on a 
45-year-old male patient with 
generalized AD since early 
childhood and an  FLG  
mutation       
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required to make an irritant skin exposure is 
much less, and in another group of individuals, 
much larger. Individuals with  FLG  mutations 
have a risk of developing dorsal hand eczema 
within the fi rst few months of life simply from 
exposure to air and friction from clothes [ 8 ]. We 
have recently shown that individuals with the 
 FLG  mutations, AD, and hand eczema in child-
hood to a large extent avoid wet work and occu-
pational irritant exposure in adulthood [ 26 ]. 
These types of jobs account for 40 % of all 
 available jobs. This observation is in agreement 
with the fact that individuals with AD are under-
represented among hairdresser trainees/appren-
tices [ 27 ]. Early-onset occupational ICD has 
been a repeated observation, particularly in 
young females with childhood AD and with or 
without childhood hand eczema [ 10 ,  11 ]. 

 Notwithstanding this observation, it is clear 
from the epidemiological studies that a large 
group of individuals with the  FLG  mutations and 
only dry skin in childhood and teenage years, but 
without AD and hand eczema, will enter into wet 
work jobs. In a recent study based on selected 
occupational ICD, it was clearly shown that  FLG  
mutations were individual risk factors for this 
disease independent of AD and childhood eczema 
[ 28 ]. In this context, it needs to be remembered 

that in large population studies the  FLG  mutation 
only acts as a risk factor for hand eczema in con-
junction with AD and individuals with only the 
 FLG  mutation and no AD have a risk for hand 

  Fig. 29.4    A 48-year-old female’s thumb of the right 
hand, with allergic contact dermatitis to thiurams from 
rubber gloves. She was heterozygous to a common  FLG  
mutation. Note the vesicular infl ammation with secondary 
fi ssures       

a

b

  Fig. 29.5    ( a ,  b ) A 66-year-old female patient heterozy-
gous for an  FLG  mutation. She has never had AD. She 
developed lasting skin changes similar to AD after an 
acute episode of allergic contact dermatitis due to thiu-
rams. Such a patient should not be classifi ed as having AD 
but as sequela from allergic contact dermatitis in a patient 
with the  FLG  mutation. This may have signifi cant medi-
colegal consequences       
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eczema in the same magnitude as the population 
in general [ 29 ]. So this is an area still open to 
further research to understand and identify the 
group at particular risk. First of all, the  FLG  
mutation gives more severe and persistent dis-
ease, and painful skin fi ssures are a typical symp-
tom [ 29 ,  30 ] (Fig.  29.6 ).

       Conclusion 

 The discovery of the association between 
xerosis, AD, and the  FLG  mutations [ 1 ,  3 ] has 
been an eye opener for the clinical dermatolo-
gists who work with eczema disease. In our 
clinic, we have used this knowledge for the 
last 5 years. Even though information about 
whether a patient has a mutation may not 
result in immediate help for the patient, it is a 

major step in their understanding of the dis-
ease and of their whole family history. 

 It is our impression that this information 
and understanding lead to more focus on the 
rationale for using emollients and anti-infl am-
matory topical drugs. It also leads to less spec-
ulation on all other reasons for the background 
of their illness. The understanding of the  FLG  
mutation for the skin barrier has opened up a 
completely new area for understanding the 
eczema mechanism and prognosis and, fur-
ther, for development of specifi c topical and 
systemic treatments.     
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        Epidermal barrier abnormalities are present in 
diabetic patients. A signifi cant infl uence of insulin 
and hyperglycemia on keratinocyte homeostasis 
has been demonstrated. Skin barrier abnormali-
ties in diabetics are not well defi ned, but several 
researchers agree that diabetic skin models have 
a decreased stratum corneum hydration. 

 Recent studies have suggested an epidemio-
logical and genetic linkage between fi laggrin 
gene mutations and type 2 diabetes mellitus. 
While additional studies are necessary in this 
area, it is possible that fi laggrin molecules could 
play an important role for diabetics’ skin as well 
as the development of diabetes. This chapter pro-
vides an overview of studies that have investi-
gated skin barrier functions in diabetics and 
discusses the potential role of fi laggrin. 

30.1     Introduction 

 Diabetes mellitus (DM) is a prevalent and chronic 
disease with a tendency toward multiple organ 
involvement. During the last decades, the inci-
dence of type 1 and 2 diabetes has increased 
remarkably [ 1 ]. At the same time, the fi laggrin 
gene ( FLG ) mutation-related atopic disorders 
such as atopic dermatitis (AD), rhinitis, asthma, 
and food allergy have continued to become more 
widespread in industrialized countries [ 2 ]. 

 Skin problems are common in diabetic 
patients, affecting up to 30 % [ 3 – 5 ]. Pertinently, 
they can be the fi rst sign of DM. Patients  generally 
have impaired skin homeostasis, not only caused 
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by vasculopathy and neuropathy (which has 
been thought to be the only cause in the past) 
but also due to abnormalities of skin metabo-
lism. Furthermore, delayed wound healing [ 6 , 
 7 ], reduced antimicrobial peptide (AMP) func-
tion [ 8 ,  9 ], and epidermal barrier structure altera-
tions [ 3 ,  8 ,  10 – 12 ] are involved in the etiology 
and pathogenesis of diabetes skin abnormalities. 
Nonetheless, there are still several controversies 
regarding the diabetic skin model. 

 A hypothesis about an inherited skin barrier 
abnormality in diabetic patients has recently 
emerged. Genetic studies have suggested a linkage 
between  FLG  mutations and diabetes [ 13 ,  14 ]. 
This could be explained either by a common origin 
of genetic alterations due to mutations in the same 
locus or by early low-grade infl ammation status 
caused by a skin barrier defi ciency due to  FLG  
mutations. 

 While pathological skin disorders in diabetic 
patients seem to be clearly associated with meta-
bolic, neurological, and vascular dysregulation 
promoted by diabetes, future studies need to clar-
ify whether a common genetic background with 
 FLG  mutations exists.  

30.2     Diabetes and Skin 

 Diabetes induces different forms of dermatologi-
cal disorders such as necrobiosis lipoidica dia-
beticorum, scleredema diabeticorum, bullosis 
diabeticorum, diabetic dermopathy, and acantho-
sis nigricans [ 15 ]. Pruritus, xerosis, delayed 
wound healing, and skin infection [ 5 ,  16 – 18 ] are 
also major skin factors in these patients, affecting 
their quality of life and leading to skin diseases. 

 Xerosis is one of the earliest and most com-
mon skin abnormalities in diabetic patients [ 5 , 
 19 – 21 ], with a prevalence ranging between 6 and 
80 % [ 5 ,  17 ,  19 ,  22 ,  23 ]. Xerosis is believed to act 
as a major factor promoting skin fi ssures, hyper-
keratosis, and ulceration in the diabetic foot [ 20 ]. 
Yosipovitch et al. noticed that 48 % of patients 
with type 1 DM (T1DM) in their series had 
 clinical ichthyosiform shin changes [ 24 ]. While 
dysfunction of sympathetic nerves (including 
sudomotor dysfunction) seems to contribute, 

resulting in hypohidrosis and xerosis [ 18 ,  25 ], 
epidermal lipid abnormalities and  FLG  muta-
tions are being studied because of their possible 
signifi cant contribution in this entity. 

 Delayed wound healing and dermal abnor-
malities are also a major problem in diabetic 
patients. Dermal collagen accumulation of toxic 
substances such as advanced glycosylation end 
products (AGEs) [ 12 ,  26 – 28 ] is induced in dia-
betic skin. This accumulation is thought to pro-
mote oxidative stress [ 29 ], develop microvascular 
complications [ 30 ], and produce dermal thick-
ness [ 31 ] and stiffness [ 32 ]. Receptors for AGEs 
are also increased in epidermal keratinocytes 
from diabetic skin [ 8 ,  33 ]. Delayed wound heal-
ing in these patients is linked with AGEs [ 6 ,  7 ], 
and AGE-RAGE interactions in epidermal kera-
tinocytes have been presumed to cause impaired 
skin barrier homeostasis [ 8 ]. Histological subcu-
taneous fat atrophy and dermal vessel abnormali-
ties have also been noticed [ 12 ].  

30.3     Diabetes and Skin Barrier 
Function 

 Insulin is a key factor for epidermal homeostasis, 
acting as an important growth factor in cultured 
keratinocytes. Insulin receptors are expressed con-
stitutively in these cells, having their own glucose 
uptake system [ 34 ]. Hence, insulin has an essential 
role on keratinocyte differentiation [ 35 ,  36 ], pro-
liferation [ 37 ], and migration [ 38 – 40 ], which are 
main factors for stratum corneum (SC) functions. 
Exposure of keratinocytes to high-glucose condi-
tions inhibits the expression and autophosphoryla-
tion of insulin-like growth factor [ 34 ,  41 ]. 

 Epidermal barrier function can be quantifi ed 
by different biophysical measurements like SC 
hydration, transepidermal water loss (TEWL), 
sebum lipids, and pH values. Several studies have 
tried to establish epidermal barrier functional 
properties in patients with DM; however, results 
are confl icting. 

 When defi ning an animal model for studying 
the underlying skin abnormalities, it is also criti-
cal to standardize studies in diabetic skin. Sakai 
and colleagues established a model of T1DM skin 
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using hairless mice treated with streptozotocin or 
alloxan to destroy pancreatic β cells [ 10 ]. This 
reproduced the T1DM animal model [ 42 ] with the 
clear advantage of having hairless mice for skin 
measurements. As for type 2 DM (T2DM), Otsuka 
Long-Evans Tokushima Fatty (OLETF) rats have 
been used as a model of chronic hyperglycemia 
in one diabetic skin research report [ 8 ], although 
this is not a usual T2DM model used in endocrino-
logic diabetes studies. Leptin-defi cient and leptin 
receptor- defi cient mice are probably the most 
commonly used models for T2DM research, but no 
skin barrier studies have yet been published using 
these mice. Anyway, none of these three models 
are hairless rodent, so they need to be shaved, and 
this process could modify the measurements. 

30.3.1     Stratum Corneum Hydration 

 Hydration in the SC is regulated basically by 
three factors: natural moisturizing factors 
(NMFs) (amino acids derived from fi laggrin 
cleavage), sebum lipids, and intercellular lipids 
(mainly ceramides [ 43 ,  44 ]). 

 Hitherto, the only study that has been per-
formed on epidermal barrier changes in a T2DM 
animal model showed decreased SC hydration 
with a weakened SC integrity and delayed barrier 
recovery rate. Decreased total epidermal lipid 
content, with lower lamellar body production 
and lipid-related enzymes, was also found in this 
study, providing an explanation for the impaired 
barrier recovery. Filaggrin and other differen-
tiation marker proteins (involucrin and loricrin) 
were evaluated, but no quantitative differences 
were observed [ 8 ]. 

 In T1DM mice models, studies have shown a 
decreased water content of the SC together with an 
abnormal lipid content (see later) as well as unal-
tered epidermal concentrations of profi laggrin, fi l-
aggrin, loricrin, and keratins 1, 5, and 10 [ 10 ]. 

 It should be noted that all these fi ndings refl ect 
(1) a relationship between decreased SC hydration 
in diabetic skin and lipid abnormalities and (2) no 
relationship between hyperglycemia or low insulin 
levels and epidermal concentrations of fi laggrin or 
profi laggrin in animal hyperglycemic models. 

 Human studies have shown a signifi cantly 
decreased SC hydration in a group of type 1 
( n  = 38) and type 2 ( n  = 11) DM patients with high 
fasting plasma glucose levels but not in patients 
with high glycosylated hemoglobin (HbA1c) 
[ 11 ]. Similar results have been obtained in differ-
ent studies [ 17 ]. One study with a mixed diabetic 
population (type 1  n  = 34 and type 2  n  = 4) showed 
no signifi cant differences [ 3 ]. 

 These fi ndings suggest that the current 
hyperglycemic state is more related to SC 
hydration than the past state, but it is more 
severe in aged patients with diabetes than in 
younger ones [ 11 ]. That could be the reason 
why some studies with younger diabetic 
patients have shown no differences when com-
pared with controls [ 3 ].  

30.3.2     Transepidermal Water Loss 

 Transepidermal water loss is a measure of the 
water barrier function of the SC. It refl ects the 
quantity of water that passes, by diffusion or 
evaporation, through the epidermal barrier. 

 Epidermal barrier measurements in both 
T1DM [ 10 ] and T2DM [ 8 ] diabetes animal mod-
els have demonstrated normal TEWL compared 
with controls. 

 Human studies in T1DM ( n  = 11) and T2DM 
( n  = 38) patients have shown signifi cantly lower 
TEWL levels in forearm skin related with high 
HbA1c levels but not with high fasting plasma 
glucose levels [ 11 ]. One study from Iran found 
no differences between diabetic patients (T1DM 
 n  = 4; T2DM  n  = 34) and controls, even adjusting 
for fasting plasma glucose and HbA1c levels, but 
their measurements obtain higher TEWL values, 
which the authors attributed to a racial and cli-
mate difference [ 3 ].  

30.3.3     Lipids 

 Sebum and intercellular lipids play an important 
role for skin barrier function and SC hydration 
[ 43 – 45 ]. Sebaceous gland can bind insulin, but 
this ability seems to be impaired in DM [ 46 ]. 
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 In animal models, T1DM rats show decreased 
sebum secretion from the sebaceous glands [ 47 ], 
while mice have abnormalities in sebum compo-
nents [ 10 ]. The latter study found a signifi cant 
decrease of the triglyceride content in the SC, 
with higher ratios of cholesterol-wax ester and 
fatty acids, while ceramides and cholesterol 
remained unchanged [ 10 ]. 

 In humans, diabetic patients (T1DM and 
T2DM) have a lower skin surface lipid content 
associated with high fasting plasma glucose (sig-
nifi cantly reduced) and high HbA1c (not signifi -
cantly but reduced) [ 11 ], demonstrating an 
infl uence not only by long-term previous hypergly-
cemia but also by current hyperglycemic state. 
Some studies, on the other hand, have obtained dif-
ferent results, depending on the anatomical loca-
tions, and have found a lower sebum content on the 
forehead, but not on the forearm and lower leg [ 3 ]. 

 Both decreased sebum secretion and altered 
sebum components could have a major infl uence 
on the decreased SC hydration observed in dia-
betic patients.  

30.3.4     Skin Elasticity 

 Skin elasticity function is measured by evalua-
tion of the time needed for the propagation of an 
acoustical shock wave between two sensors 
placed on the skin surface. This time is inversely 
related to skin elasticity [ 48 ]. 

 It has been used to evaluate diabetic skin in a 
mixed group of T1DM ( n  = 4) and T2DM ( n  = 34) 
patients, showing lower skin elasticity in some 
locations (forehead and forearm) compared with 
controls [ 3 ]. This has been also demonstrated in 
facial skin from diabetes patients [ 49 ]. The 
diminished skin elasticity could be due to a der-
mal change in diabetic skin, perhaps due to der-
mal collagen accumulation of AGEs, but there 
are no studies clearly defi ning this relationship.  

30.3.5     Corneocyte Surface Area 

 The surface area of the corneocytes has been 
directly related to the epidermal turnover rate. 

Diseases with high epidermal turnover rate, like 
psoriasis or AD, have shown a small corneocyte 
surface area [ 50 ,  51 ]. By contrast, the aged 
skin, which is characterized by a low epidermal 
turnover, showed a large corneocyte surface 
area [ 52 ,  53 ]. 

 Some studies have shown an increased cor-
neocyte surface area in T1DM mice [ 10 ]. In 
humans, patients with DM have a larger surface 
than normal individuals [ 54 ]. Studies measuring 
epidermal thickness and proliferating cell 
nuclear antigen (PCNA) have shown a lower 
rate among basal cells [ 10 ] and the absence of 
the multilayer epithelium with decrease of epi-
dermal cell number [ 12 ] in T1DM animal mod-
els. Also a mitotic dysfunction in epidermal 
cells has been observed [ 12 ]. The increased sur-
face area, the decreased PCNA levels, the 
mitotic dysfunction, and the thinner epidermis 
all suggest decreased epidermal cell turnover, 
which could be related to insulin differentiation 
and proliferation infl uence. 

 No studies in T2DM animal models focusing 
on the corneocyte surface area have yet been per-
formed. However, epidermal and dermal thick-
ness and expression of PCNA seem not to be 
modifi ed [ 8 ]. Perhaps these characteristics are 
due to hyperinsulinemia and could partially com-
pensate for insulin resistance.  

30.3.6     Skin pH Values 

 The skin pH in normal adult skin is acidic, and it 
is considered mainly a product of amino acids, 
lactic acid, and sebum of the stratum corneum 
[ 55 ]. 

 Elevated pH levels have been associated with 
a high rate of skin infections [ 56 ]. Reduced pro-
duction of acidic metabolites of fi laggrin may 
result in increased skin surface pH [ 57 ]. 

 Yosipovitch et al. [ 58 ] showed that while skin 
pH from forearm was similar between T2DM 
patients and controls, the intertriginous areas 
from the diabetic group revealed a higher pH. 
This could explain the higher rate of candidal 
infection in the intertriginous areas of diabetic 
patients [ 4 ,  5 ,  59 ].   
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30.4     Diabetes and Filaggrin 

 In general, fi laggrin proteins play a major role for 
normal epidermal barrier functions. Only a few 
studies have yet investigated whether fi laggrin 
and  FLG  mutations may be involved in diabetes. 
However, several studies have associated diabe-
tes with fi laggrin-related diseases such as AD, 
rhinoconjunctivitis, and asthma. 

30.4.1     Type 1 Diabetes 

 T1DM is defi ned by decreased pancreatic insulin 
production with a secondary hyperglycemia. 

 Rodent models of T1DM showed no quantita-
tive abnormalities of fi laggrin [ 10 ]. However, 
remember that these mice had experimentally 
induced DM. 

 Saleh et al. have investigated a genetic rela-
tionship between FLG mutations and T1DM. 
They found no association between T1DM and 
the most common  FLG  mutations in Northern 
European population (R501X and 2282del4) [ 60 ], 
proinfl ammatory cytokines such as tumor necro-
sis factor (TNF)-α, interleukin (IL)-1β, IL-18, and 
interferon γ in 6,743 T1DM cases and 7,864 con-
trols [ 61 ]. However, a much smaller Danish case-
control study found a markedly lower prevalence 
of  FLG  mutations in T1DM patients when com-
pared to controls, although the difference did not 
reach statistical signifi cance [ 13 ]. 

 An inverse association between atopic condi-
tions and T1DM has previously been suggested. 
While AD has been mostly associated with a 
lower risk of T1DM [ 62 – 67 ], some authors have 
not been able to confi rm this fi nding [ 68 ]. Patients 
with asthma also seem to have a lower risk of 
developing T1DM [ 62 ,  63 ,  65 ,  69 ], but other stud-
ies have not confi rmed this [ 63 ,  64 ,  66 – 68 ,  70 ], 
and some have even found a higher risk [ 70 – 72 ]. 
Moreover, studies on rhinitis and rhinoconjuncti-
vitis have shown a lower risk [ 63 ,  65 ], no associa-
tion [ 64 – 68 ], or even an increased risk [ 73 ]. 

 All these epidemiological studies but one [ 68 ] 
have been conducted in a Northern European 
population [ 63 – 67 ,  70 ,  71 ]. They were mainly 
case-control studies [ 63 – 67 ,  70 ], with data 

obtained from questionnaires [ 64 ,  65 ,  67 ] or gen-
eral population databases [ 63 ,  66 ,  70 ,  71 ]. 

 Among the studies that showed a higher risk 
of atopic diseases, there are some important 
weaknesses. Stene and colleagues [ 72 ] did not 
use well-defi ned criteria for asthma in their study, 
which was assigned by an affi rmative response to 
“ever asthma” or “any wheeze in the past year” 
questions. Simpson et al. [ 71 ] only found a posi-
tive association with Th1 diseases, including in 
this group not only T1DM but also other diseases 
as psoriasis and rheumatoid arthritis. 

 The inverse association between AD and DM 
may be explained by the T-helper (Th) cell 1 and 
2 dichotomy [ 74 ]. T1DM is a Th1-skewed 
immune response, whereas AD and allergic IgE 
responses mainly display a Th2 pattern. It is 
known that Th1 responses tend to inhibit Th2 cell 
proliferation, and vice versa [ 74 ]. This paradigm, 
in its simplest form, could explain the lower risk 
of T1DM in patients with AD. But the disease 
development and Th role are quite complex, and 
that explains why AD and type 1 diabetes can 
exist in the same patient.  

30.4.2     Type 2 Diabetes 

 T2DM is defi ned by insulin resistance in periph-
eral tissue and lack of insulin production in the 
pancreas. It is considered the most common form 
of DM, accounting for more than 80 % of all DM 
patients [ 75 ,  76 ]. 

 The only animal study published about epi-
dermal barrier abnormalities in T2DM showed 
no quantitative abnormalities in fi laggrin expres-
sion [ 8 ]. This animal model is characterized by 
late onset of hyperglycemia and mild obesity. 

 Surprisingly, a recent Danish study showed a sig-
nifi cant association between  FLG  null mutations 
(R501X and 2282del4) and patients with established 
T2DM. Also  FLG  mutations were associated with 
subjects from a Danish general population database 
who reported diabetes (Table  30.1 ) [ 13 ]. Interestingly, 
 FLG  mutations mainly constituted a risk factor for 
T2DM in those with a low body mass index.

   The so-called epidermal differentiation com-
plex is located on human chromosome 1q21. 
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This complex comprises many epidermal crucial 
genes, including genes encoding profi laggrin 
and fi laggrin-2 as a part of the S100 fused-type 
protein family [ 77 ]. In recent years, identifi ca-
tion of genetic linkage of polymorphisms in the 
chromosome 1q21-25 to T2DM has been dem-
onstrated [ 14 ]. This coincidence at the exact 
same chromosome locus suggests a common 
genetic background in both diseases. However, it 
is interesting that  FLG  mutation carriers also 
have 10 % higher serum levels of 25-hydroxy 
vitamin D [ 78 ]. Since vitamin D defi ciency has 
been repeatedly associated with T2DM, one 
would expect  FLG  mutations instead to lower 
the risk of T2DM. This conundrum needs to be 

addressed in future large- scale studies, as it 
seems to be unclear at this point whether  FLG  
mutations affect the risk of T2DM.  

30.4.3     Gestational Diabetes 

 Maternal gestational diabetes is defi ned as glu-
cose intolerance that is fi rst detected during preg-
nancy [ 79 ]. It is the third of the four groups 
included in the diabetes classifi cation. Women 
with gestational diabetes remain at high risk of 
development of T2DM after delivery [ 80 – 82 ], 
with a variable incidence rate from 2.6 to 70 % 
among different studies [ 80 ]. 

   Table 30.1    Logistic regression analyses with the outcome  FLG  null-mutation status and DM (adjusted for variables 
shown in the table as well as age)   

 – 
 General population, patients with 
type 1 and 2 diabetes ( n  = 4,213)  – 

 General population and patients with 
type 2 diabetes ( n  = 4,109) 

 Explanatory 
variables 

  FLG  null mutation 

 Explanatory 
variables 

 Diabetes b  

 % ( n / n  total ) 
 Adjusted OR a  
with 95 % CI  % ( n / n  total ) 

 Adjusted OR a  
with 95 % CI 

  Sex   –  –   Sex   –  – 
 Men  7.8 (159/2,029)  1 (reference)  Men  29.8 (586/1,967)  1 (reference) 
 Women  8.8 (193/2,184)  1.18 (0.94–1.47)  Women  18.1 (387/2,142)  0.56 (0.46–

0.67) c ,  p  = 0.001 
  Group   –  –  Filaggrin  –  – 
 Nondiabetic group  7.8 (246/3,136)  1 (reference)  Wild type  23.2 (874/3,764)  1 (reference) 
 Screen-detected 
diabetes group 

 9.1 (6/66)  1.23 (0.52–2.88)  Null mutation  28.2 (99/345)  1.50 (1.10–
2.06) c ,  p  = 0.011 

 Self-reported 
diabetes group 

 12.8 (17/133)  1.78 (1.05–
3.04) c ,  p  = 0.032 

  BMI (kg/m   2   )   –  – 

 Type 1 diabetes 
group 

 6.7 (7/104)  0.86 (0.39–1.87)  <25  9.7 (167/1,713)  1 (reference) 

 Type 2 diabetes 
group 

 9.8 (76/774)  1.37 (1.003–
1.89) c ,  p  = 0.048 

 25–30  23.2 (341/1,469)  1.97 (1.56–
2.47) c ,  p  = 0.001 

 –  –  –  >30  49.1 (461/905)  7.36 (5.79–
9.36) c ,  p  = 0.001 

  Reproduced from Thyssen et al. [ 13 ], Copyright 2011 with permission from  BMJ  Publishing Group Ltd 
 Key:  OR  odds ratio,  CI  confi dence interval; nondiabetic group, healthy controls from the general population in 
Copenhagen; screen-detected diabetes group, diabetes screening group defi ned as subjects who did not report diabetes 
but who had fasting blood glucose ≥7 and/or HbA1c ≥6.5 %; self-reported diabetes group, diabetes group defi ned as 
subjects who gave an affi rmative answer to the question, “Have you ever been told that you suffered from diabetes?” 
  a Mutually adjusted for variables shown in table and age 
  b Diabetes was defi ned as belonging to either the “screen-detected diabetes group,” the “self-reported diabetes group,” or 
the “type 2 diabetes group.” The “type 1 diabetes group” was regarded as missing data 
  c Statistically signifi cant  
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 Signifi cant association between maternal ges-
tational diabetes and the development of AD and 
allergen sensitization in term infants has also 
been shown [ 83 ]. The consequence of this fi nd-
ing needs to be studied in the future.   

    Conclusion 

 The above fi ndings suggest that T1DM skin 
displays decreased SC hydration, mainly due 
to alterations in lipid content, with a normal 
barrier function and a decreased epidermal 
turnover. Keratinocyte proliferation, differen-
tiation, and migration are clearly downregu-
lated in T1DM skin. Therefore, this could be a 
major factor in delayed barrier recovery and 
wound healing. 

 T2DM skin displays decreased SC hydra-
tion in both human and rodent models. The 
latter also demonstrates decreased epidermal 
lipid content. Delayed skin barrier recovery 
with normal keratinocyte proliferation and 
differentiation was shown in the only study 
conducted in diabetic rats. Skin elasticity 
seems to be decreased also in both T1DM and 
T2DM models. 

  FLG  mutations have been epidemiologi-
cally associated with T2DM in two popula-
tions, and there seems to be an inverse 
relationship between, respectively, AD or 
asthma and development of T1DM, which 
could be explained by the Th1/Th2 dichot-
omy. Although fi laggrin is not affected by 
hyperglycemia or low insulin levels according 
to both T1DM and T2DM animal models, 
remember that these animals only share alter-
ations in glucose and insulin with diabetic 
humans, but not environmental exposures, 
neither immune nor genetic background. 

 Still it is unclear why the  FLG  null geno-
type was associated with the development of 
T2DM in two populations and whether this 
fi nding can be replicated. Filaggrin-defi cient 
skin could increase infl ammation, leading in 
concert with other factors to diabetes develop-
ment. Another nascent hypothesis is that  FLG  

mutations are randomly associated with 
T2DM as a marker of polymorphisms in a 
common locus of chromosome 1q. 
Development of diabetes may be also related 
to secondary effects of cutaneous disease 
treatments, e.g., topical and oral corticoste-
roids used to treat ichthyosis vulgaris or AD. 

 More studies are clearly required to clarify 
the origin of the relationship between skin 
barrier problems due to  FLG  mutations and 
diabetes, also taking vitamin D levels into 
account. Future research should differentiate 
between T1DM and T2DM, as both groups 
show different metabolic and skin changes. 
Special attention should be focused on T2DM, 
not only because it is the most frequent type of 
DM but also due to the high incidence of epi-
dermal barrier abnormalities in these patients, 
as well as the possible genetic linkage with 
 FLG  mutations.     
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        Filaggrin is an important epidermal barrier 
protein. Since the eye has barrier functions, it 
is interesting to look at the role of fi laggrin in 
the eye. The eye region can be divided into 
extraocular and intraocular structures. The 
extraocular surface structures comprise the 
eyelid, the conjunctiva, and the cornea. The 
intraocular structures with important barrier 
functions are the corneal endothelium, the cili-
ary body, and the retinal pigment epithelium 
(RPE). The blood- aqueous barrier is located in 
the ciliary body and the blood-retinal barrier in 
the retina. 

31.1     Extraocular Structures 
and Filaggrin 

31.1.1     Eyelid 

 The eyelids are modifi ed skin with an inner lin-
ing of conjunctival epithelium. They form the 
anterior part of a moist tear-fi lled chamber that 
is essential for keeping the cornea moist and 
thereby transparent. Without eyelids, the cor-
neal epithelium will keratinize. The eyelids form 
a protective barrier between the cornea and the 
outer surroundings. In one study, immunostain-
ings were carried out on epithelium from the 
skin of the eyelid using impression cytology [ 1 ]. 
The study showed fi laggrin staining in the squa-
mous epithelium of the skin. This may also be 
demonstrated using routine immunohistology 
(Fig.  31.1 ).
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31.1.2        Conjunctiva 

 The conjunctiva covers the anterior surface of the 
eyeball and the posterior surface of the eyelids. It 
is a mucous membrane consisting of a two-to-
fi ve-cell-thick nonkeratinized stratifi ed columnar 
epithelium with goblet cells and an underlying 
stroma. Lymphocytes and plasma cells are part of 
the defense mechanism of the eye and are nor-
mally found in the stroma. The conjunctiva is an 
important barrier to outside surroundings. 

 Most studies show no expression of fi laggrin in 
normal conjunctival epithelium [ 1 – 4 ]. One study 
showed fi laggrin in the mucocutaneous junction at the 
eyelid margin [ 1 ], and another study showed expres-
sion of fi laggrin in the entire conjunctiva by using 
immunohistochemical procedures without verifying 

this by other methods [ 5 ]. They found fi laggrin in the 
superfi cial cells of the normal bulbar conjunctival epi-
thelium, but not in the suprabasal and basal cells [ 5 ]. 
The same study showed no expression of fi laggrin in 
one case of conjunctival intraepithelial neoplasia. The 
authors concluded that the absence of fi laggrin indi-
cates an abnormal dedifferentiation of dysplastic cells. 
In contrast to this study, another study found a marked 
expression of fi laggrin in a parakeratinized conjunctiva 
with moderate dysplasia [ 4 ]. 

 The expression of fi laggrin in other diseases 
of the conjunctiva has been investigated. It has 
been shown in Stevens-Johnson syndrome 
(SJS) (Fig.  31.2 ), in ocular cicatricial pemphi-
goid, in alkali injuries in the chronic cicatricial 
phase, and in one case of moderate dysplasia 
of the  conjunctiva [ 2 ,  4 ]. These conditions are 

a b

  Fig. 31.1    ( a ) The eye with normal skin on the upper and lower eyelids. ( b ) The eyelid shows marked expression (brown 
staining) of fi laggrin in the keratinized layers of the epithelium (bar = 50 μm)       

a b

  Fig. 31.2    ( a ) Late stage of Stevens-Johnson syndrome with metaplasia of the eyelid margin ( arrows ). ( b ) A marked 
binding of fi laggrin antibodies to the keratinized superfi cial layers of the epithelium is seen (bar = 50 μm)       
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 characterized by severe damage to the conjunc-
tiva with different degrees of keratinization in the 
surface epithelia. When the conjunctival epithe-
lium keratinizes, it changes with a loss of goblet 
cells and a conversion from stratifi ed columnar to 
stratifi ed squamous confi guration [ 6 ].

   We found no expression of fi laggrin in the con-
junctiva of patients with pinguecula and pterygium, 
both with milder degrees of parakeratinization 
(Fig.  31.3 ). Therefore, it has been concluded that 
fi laggrin is only expressed in conjunctivas with 
severe forms of parakeratinization [ 4 ].

   The reason why the expression of fi laggrin is 
upregulated in the conjunctiva is still unknown. It 
may simply be a result of the metaplastic changes 
of the epithelium. 

 Chronic allergic keratoconjunctivitis (CAK) is 
also associated with atopic diseases such as 
atopic dermatitis (AD); however, no association 
between fi laggrin gene ( FLG ) mutations and 
CAK has been found [ 7 ].  

31.1.3     Cornea 

 The anterior surface of the cornea consists of 
a fi ve-cell-thick nonkeratinized epithelium. 

Bowman’s layer separates the epithelium from 
the stroma. The posterior part of the cornea is 
composed of a monolayer of endothelial cells 
resting on Descemet’s membrane. Since the 
anterior part of the cornea is facing the outer sur-
roundings, it has a barrier function. 

 Two studies have shown a weak expression 
of fi laggrin in the normal corneal epithelium by 
using Western blot [ 8 ,  9 ]. The fi rst study also 
showed fi laggrin in the corneal epithelium by 
immunofl uorescence staining, whereas the lat-
ter found no staining. The latter study is sup-
ported by another study [ 5 ] and more stainings 
(Fig.  31.4 ).

   One study found fi laggrin expression in squa-
mous metaplasia of a vascularized pannus 
removed from the corneal surface infl icted with 
SJS, aniridia, chemical burn, and recurrent pte-
rygium [ 10 ]. This is consistent with fi ndings in 
keratinized conjunctiva [ 2 ,  4 ]. 

 Another study investigated the expression of 
fi laggrin in the corneal fi laments in fi lamentary 
keratitis. No expression of fi laggrin was found 
[ 11 ]. 

 Atopic diseases have been associated with 
keratoconus in several studies [ 12 – 17 ]. These 
studies found that between 20 and 47 % of 
patients with keratoconus had AD depending 
on the study design and patient recruitment. 
In keratoconus, the cornea degenerates and 
becomes thinner, leading to protrusion of the 
thinned cornea. This causes severe myopia 
and irregular astigmatism, affecting quality of 
vision. In severe cases, it may lead to acute stro-
mal edema—known as hydrops— signifi cant 

a

b

  Fig. 31.3    ( a ) A pinguecula ( arrows ), an elastoid degen-
eration of the stroma of the conjunctiva. ( b ) The similar 
micrograph stained with anti-fi laggrin. Filaggrin is not 
expressed (bar = 50 μm)       

  Fig. 31.4    The normal cornea does not express fi laggrin 
(bar = 50 μm)       
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pain, and vision loss. One study hypothesized 
that the skin and cornea had a common dys-
function linked to  FLG  mutations [ 9 ]. This 
could explain the weakening that causes the 
thinning of the cornea as well as the impaired 
vision in patients with keratoconus and thereby 
the association between keratoconus and atopic 
disease. However, no signifi cant difference in 
the expression of fi laggrin between control 
and keratoconus cornea was found [ 9 ]. Both 
showed a very weak expression of fi laggrin. 
Whether the association between atopic disease 
and keratoconus is caused by environmental or 
underlying genetic factors such as  FLG  muta-
tions or excessive eye rubbing is still unknown.   

31.2     Intraocular Structures 
and Filaggrin 

 The ciliary body and the retinal pigment epi-
thelium make up the two most important intra-
ocular barriers. The blood-aqueous barrier is 
mainly controlled by a ciliary epithelial bilayer 
consisting of the pigmented ciliary epithelial 
layer facing the ciliary stroma and the nonpig-
mented ciliary epithelial layer facing the aque-
ous humor. 

 The blood-retinal barrier is located at two lev-
els, forming an outer barrier in the retinal pig-
ment epithelium and an inner barrier in the 
endothelial membrane of the retinal vessels [ 18 ]. 
Formation and maintenance of the blood- aqueous 
barrier and the blood-retinal barrier are required 
for proper vision, and loss of these barriers con-
tributes to the pathology of a wide number of 
ophthalmological diseases such as diabetes and 
systemic hypertension [ 19 ,  20 ]. 

 Immunofl uorescence staining shows a pres-
ence of fi laggrin in the nonpigmented epithelium 
of the ciliary body (Fig.  31.5 ). It is an interesting 
fi nding that needs further investigation. Filaggrin 
is not found in the RPE or intraocularly.

   Filaggrin in ophthalmology has only been 
investigated relatively recently. Some studies 
have focused on whether a skin disease—associ-
ated with  FLG  mutations—also has ocular sur-

face lesions associated with  FLG  mutations. But 
this has so far not been the case. In all previous 
studies, only a little fi laggrin has been found in 
the healthy cornea and conjunctiva compared to 
the amounts found in the skin. A reason why no 
or very little fi laggrin is found could be that the 
antibodies used do not bind the type of fi laggrin 
found in the eye because the antigenicity of the 
fi laggrin in the eye might be different from fi lag-
grin in the skin. Two studies have found fi laggrin 
in the cornea by Western blot [ 8 ,  9 ], but only one 
was supported by immunostainings [ 8 ]. Only one 
study has shown the presence of fi laggrin in the 
conjunctiva by using only immunostainings [ 5 ]. 
Both studies found a very weak expression. 
Therefore, an  FLG  mutation would probably be 
almost unnoticeable in immunohistochemical 
stainings of the healthy conjunctiva and cornea. 
A severe parakeratinization is therefore neces-
sary before the expression of fi laggrin becomes 
clearly visible. Therefore, it is questionable if 
 FLG  mutations could have any effect on the 
development of ocular diseases. 

 If an association between  FLG  mutations and 
an ocular disease is found, could it then be com-
pared to the association between  FLG  mutations 
and allergic asthma? In allergic asthma,  FLG  
mutations together with AD are risk factors for 
developing asthma [ 21 ]. Similar to the eye region, 
where only little fi laggrin is found, no fi laggrin 

  Fig. 31.5    The normal ciliary body. Note the expression 
of anti-fi laggrin in the nonpigmented epithelium ( arrows ; 
bar = 100 μm)       
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is found in the respiratory epithelium [ 22 ]. The 
hypothesis is that AD causes systemic allergen 
sensitization, which, together with  FLG  mutations, 
is a risk factor of developing asthma [ 21 ]. This 
hypothesis may be comparable to diseases involv-
ing the conjunctiva and  FLG  mutations since the 
conjunctiva is part of the conjunctival and lacrimal 
gland-associated lymphoid tissue (CALT) system. 
CALT is part of the widespread mucosa-associated 
lymphoid tissue (MALT), which also includes the 
bronchus-associated lymphoid tissue (BALT). The 
possible pathomechanism is that allergens pene-
trate the impaired skin barrier, resulting in primary 
 sensitization, and then secondary allergen exposure 
in the conjunctiva causes allergic conjunctivitis.     
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32.1            Introduction 

 The gastrointestinal (GI) tract plays many vital 
roles in maintaining host homeostasis. Beyond its 
digestive role of taking up water and nutrients, 
the GI tract also serves as a highly specialized 
and regulated immune organ with critical barrier 
functions. New investigation into the mechanics 
of the gut barrier and its dysfunction is helping to 
explain the pathogenesis of previously unex-
plained diseases. Two such pathologies that 
investigators are gaining a better understanding 
of through a new working knowledge of the gut 
barrier are infl ammatory bowel disease (IBD) 
and eosinophilic esophagitis (EoE).  

32.2     Infl ammatory Bowel Disease 

 IBD encompasses two chronic, idiopathic intes-
tinal disorders: Crohn’s disease (CD) and ulcer-
ative colitis (UC). Although these diseases 
affect people across the entire globe, there is a 
higher recognized burden of disease in Northern 
Europe and North America, where it is esti-
mated that 2.2 million and 1.4 million people 
are affected, respectively [ 1 ,  2 ]. The clinical 
course and phenotypes are different in these two 
disorders, though the pathophysiology is 
thought to be similar. CD is an infl ammatory 
process that can affect the intestinal wall of any 
part of the GI tract. The terminal ileum and 
colon are usually involved, though not always, 
and the infl ammation occurs along the GI tract 
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in discontinuous segments, leading to “skip 
lesions” [ 2 ,  3 ]. The infl ammation in CD is typi-
cally transmural through the gut wall, which can 
lead to intestinal complications such as stric-
tures, abscesses, and fi stula formation [ 2 – 4 ]. 
This is in contrast to UC, which affects the GI 
tract from the rectum to the colon, in a continu-
ous, uninterrupted fashion with gut wall infl am-
mation being limited to the mucosa [ 2 – 4 ]. 
Stricture, abscess, and fi stula formation are 
rarely seen in UC [ 2 ]. Both UC and CD can have 
extraintestinal disease manifestations, which 
can include musculoskeletal, oral, hepatobili-
ary, or dermal manifestations [ 2 ]. 

 Although the exact mechanism underlying 
infl ammatory bowel disease is unknown, new 
research is pointing toward an increased perme-
ability of the GI tract toward gut fl ora [ 5 ]. This 
barrier dysfunction leads to a dysregulation 
between the host immune system and gut micro-
biome and a subsequent pro-infl ammatory state 
[ 2 ,  5 ]. The resulting chronic and unchecked 

infl ammation is thought to lead to the complica-
tions of CD and UC. The intestinal epithelium 
constitutes the main component of the gut barrier 
and serves as a physical barrier between intralu-
minal organisms and the circulation [ 2 ]. An intact 
GI barrier is mainly dependent on the proper 
functioning of tight junctions, which create a seal 
between epithelial cells and limit the transit of 
various compounds across the paracellular space 
(Fig.  32.1 ) [ 2 ]. In IBD, this seal becomes defec-
tive, which leads to an increase in the epithelial 
permeability to the gut fl ora. There are various 
hypotheses as to what causes the defect in the gut 
barrier, including environmental and genetic 
causes [ 2 ]. Some mouse models of colitis are 
illuminating how structural protein breakdown 
could be the trigger for barrier collapse and sub-
sequent increase in barrier permeability and 
infl ammation [ 5 ,  6 ]. One such study by Haptezion 
et al. showed that mice defi cient in keratin-8, the 
major intermediate fi lament in the intestinal epi-
thelium, developed a chronic, spontaneous, 
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  Fig. 32.1    The gastrointestinal tract is a highly active 
immune organ with critical barrier function. In healthy 
individuals, an intact gastrointestinal epithelium serves to 
limit the transit of pathogens across gut barrier. In infl am-

matory bowel disease, this barrier is defective and infl am-
mation results from the increased permeability to gut 
bacteria (Reprinted by permission from Abreu [ 24 ], 
Macmillan Publisher Ltd, copyright 2010)       
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 nonlethal colitis, similar in character to CD [ 7 ]. 
These discoveries have led to a wider genomic 
search for other barrier proteins that might be 
dysfunctional in cases of IBD.

32.3        Filaggrin and Infl ammatory 
Bowel Disease 

 Like the gut barrier, the crucial role of an intact 
skin barrier has become apparent in recent years. 
The dysfunction and breakdown of the skin bar-
rier has been linked to a host of dermal disorders 
[ 8 ]. The proper functioning of one particular pro-
tein, fi laggrin, and its metabolites seems to be of 
particular relevance for normal skin barrier func-
tion. Because of its role in dermatologic pathol-
ogy, common loss-of-function mutations in the 
fi laggrin gene ( FLG ) have been hypothesized to 
play a role in the breakdown of barrier function 
observed in IBD. However, there is some contro-
versy as to whether or not fi laggrin is even 
expressed in gastrointestinal epithelium, and in 
reality, its expression likely varies throughout the 
tract. One study by De Bendetto et al. showed 
that fi laggrin is not expressed in nasal or esopha-
geal mucosa but is expressed in oral mucosa [ 9 ]. 
Other reports from online genomic databases 
show that fi laggrin is moderately expressed in 
oral and esophageal epithelium and mildly in the 
lower stomach and colon endothelium [ 10 ,  11 ]. 
To date, only two studies have investigated the 
association of  FLG  mutations and IBD, neither of 
which has found an association. The fi rst study 
was conducted on a cohort of 681 patients with 
CD and 427 with UC from Northern Germany 
[ 12 ,  13 ]. There was no association found between 
disease and  FLG  mutations [ 13 ]. A second study 
of a cohort of 378 Scottish children with IBD 
found that 40 of the children (10.6 %) were found 
to be carriers of one or more  FLG  null alleles, 
compared to 103/944 (10.9 %) of controls [ 14 ]. 
Although no link has yet been established 
between  FLG  mutations and the development of 
IBD, it remains possible that fi laggrin, if 
expressed, may affect gut barrier functions and 
alter the risk of various GI disorders. In the skin, 

a connection between impaired tight junctions 
and dysfunctional fi laggrin has been shown [ 15 , 
 16 ] and, if present in the GI tract, could be a 
potential mechanism by which  FLG  mutation 
contributes to the development of IBD.  

32.4     Eosinophilic Esophagitis 

 IBD is not the only GI pathology linked to bar-
rier dysfunction. Indeed, there is evidence to 
suggest that  FLG  mutations are associated with 
the development of eosinophilic esophagitis 
(EoE). EoE, once thought to be a complication 
of gastroesophageal refl ux disease (GERD), is 
now recognized as its own clinical entity [ 17 , 
 18 ]. An expert panel defi ned EoE as “a chronic, 
immune/antigen- mediated, esophageal disease 
characterized clinically by symptoms related to 
esophageal dysfunction and histologically by 
eosinophil-predominant infl ammation” [ 18 ]. 
A systematic review of the clinical signs and 
symptoms of EoE reported that the predominant 
presenting features are dysphagia to solid foods 
(93 %), food impaction (61.9 %), and heartburn 
(23.6 %) [ 19 ]. In the same review, the most com-
mon endoscopic fi ndings were mucosal fragility/
edema (59.3 %), rings or corrugated esophagus 
(49.2 %), and strictures (39.7 %) [ 19 ]. Due to the 
relatively new recognition of EoE, there remains 
a paucity of data on the natural progression of the 
disease. However, in one study of 30 untreated 
patients, dysphagia persisted in 97 % at 7 years 
of follow-up [ 20 ]. The pathophysiology of EoE 
remains unknown and is likely the result of both 
environmental and genetic factors.  

32.5     Filaggrin and Eosinophilic 
Esophagitis 

 A study by Carine Blanchard et al. found that in 
a cohort of 144 patients with active EoE, there 
was a 16-fold down regulation of fi laggrin mRNA 
in esophageal biopsies compared to normal con-
trols [ 21 ]. In the same study, 6.1 % of patients 
with EoE had a  FLG  loss-of-function mutation 
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versus only 1.3 % of normal controls ( p  = .0172) 
[ 21 ]. A more recent study on a cohort of 47 EoE 
patients found that fi laggrin was greatly underex-
pressed compared to controls [ 22 ]. Specifi cally, 
fi laggrin expression was positive in 88 % of con-
trols, in 100 % of GERD patients, and in 0 % of 
patients with EoE ( p  < .001) [ 22 ]. While  FLG  
mutation likely does not explain the entire dis-
ease process of EoE, it shows how GI pathology 
is indeed linked to this barrier protein and its 
dysfunction.  

    Conclusion 

 The importance of a properly functioning bar-
rier between the internal organs and outside 
world is becoming more and more apparent, as 
researchers continue to fi nd evidence that 
chronic, systemic diseases are associated with 
barrier breakdown. Continued research efforts 
must be placed on learning more about barrier 
proteins and their role in maintaining proper 
structure. In particular, further studies are 
needed to determine the extent to which fi lag-
grin is expressed in the GI tract, with special 
attention focused on the esophagus and colon. 
To date, studies have only looked at genetic 
mutations of the  FLG ; however, future studies 
are needed to investigate the possibility of post-
translational changes of fi laggrin or even related 
proteins, such as fi laggrin-2 [ 23 ]. Gleaning 
more information about fi laggrin and its related 
proteins will help give us a better understanding 
of the integrity of the GI epithelium and the dis-
ease processes related to its breakdown.     
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33.1            Introduction 

 While little is known about the association 
between fi laggrin expression and diseases of the 
human cervix uteri, a few studies have demon-
strated an altered expression of fi laggrin and the 
precursor pro-fi laggrin in HPV-infected cervical 
tissue, in different stages of cervical intraepithe-
lial neoplasia (CIN), and in cervical cancer [ 2 ,  6 , 
 7 ,  9 ,  10 ]. 

 Filaggrin is a 37 kD cytoplasmatic protein that 
is synthesized by maturating squamous epithelial 
cells and derived from the much larger precursor 
pro-fi laggrin, which is the main constituent of the 
keratohyalin granules in the granular cell layers 
[ 27 ,  28 ]. In the skin, the essential role of fi laggrin 
is partially to enable the aggregation of keratin 
fi laments into macrofi brils to form the cellular 
cytoskeleton as well as the generation of natural 
moisturizing factors (NMFs). Skin pH is also 
infl uenced by fi laggrin expression, since some of 
the metabolites, which are released by degrada-
tion of fi laggrin on the skin surface, are acidic [ 1 , 
 12 ,  29 ,  30 ]. Hence, fi laggrin is important for ter-
minal differentiation and homeostasis of the epi-
dermis and is known to play an important role for 
skin barrier functions [ 1 ,  2 ,  9 ,  12 ,  27 ,  31 ,  32 ]. 

 Several studies have been made on the asso-
ciation between fi laggrin gene ( FLG ) mutations, 
resulting in lower levels of fi laggrin and its 
metabolites, and cutaneous and non-cutaneous 
disorders [ 1 ,  4 ,  33 ,  34 ]. Genotyping of the  FLG  
has shown that loss-of-function mutations are 
common in Europeans and Asians with a median 
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prevalence of 7.7 % (2.7–14.2) and 3.0 % (0–7.3), 
respectively [ 1 ]. Whether the high prevalence of 
 FLG  mutations and thus potential insuffi cient 
barrier function of the squamous epithelium of 
the human cervix also play a role for cervical dis-
orders such as HPV infection, CIN, and cancer is 
currently unknown. This chapter provides an 
overview of selected cervical disorders and dis-
cusses the possible role of fi laggrin.  

33.2     The Cervical Barrier 

 The vaginal and cervical mucosa provides the 
fi rst line of physical and immunological defense 
against sexually transmitted pathogens [ 14 ]. The 
cervical mucosa is covered with stratifi ed squa-
mous epithelium adherent to the vagina (exocer-
vix) and with columnar epithelium adherent to 
corpus uteri (endocervix). In between is the 
transformation zone (T-zone), where the colum-
nar epithelium undergoes metaplasia to squa-
mous epithelium. The position of the T-zone 
varies with age, hormone exposure, and parity 
[ 35 ,  36 ]. The squamous epithelium is similar to 
the epidermis covering most of the body’s sur-
face, with a single layer of basal cells (stratum 
basale), overlying layers of spinous cells (stratum 
spinosum), and granular cells (stratum granulo-
sum) [ 36 ]. Proteins on the surface of adjacent 
cells can interact to form intercellular junctions 
(ICJs), which make the cells able to communi-
cate with each other and prevent toxins and 
pathogens from entering the underlying tissue, 
vasculature, or immune system [ 37 ]. 

 A fi nal layer of cornifi ed cells and keratin 
(stratum corneum) is found on most stratifi ed 
epithelium and is thought to play an important 
role for epithelial barrier functions [ 37 – 40 ]. 
Filaggrin is an essential factor in the formation of 
the superfi cial layers as shown in several studies. 
However, in a study by Minh H. Dinh et al. on 
cervical, vaginal, and penile tissue from adult 
human donors, they found that a true cornifi ed 
layer and fi laggrin expression were absent or 
decreased in female tissue, but clearly visible in 
male tissue [ 3 ]. This could in part be relevant to 
the observation that women are more susceptible 

to sexually transmittable infections (STIs), for 
example to HPV, than men [ 41 ,  42 ] and may 
emphasize the potential importance of fi laggrin 
in barrier functions of the cervical mucosa. While 
the single layer of columnar cells adherent to the 
uterus suggests increased vulnerability to patho-
gens, several antimicrobial factors, along with 
less exposure and a thick mucus containing 
immune cells and immunoglobulins overlying 
the epithelium, are secreted at higher levels to 
protect this surface [ 3 ,  43 ]. 

 The role of keratinization and the thickness of 
epithelia in vaginal transmission have been 
explored in both animals and humans. Thus, pro-
gesterone treatment of rhesus macaques yielded a 
thinner vaginal epithelium and greater rates of 
simian immunodefi ciency virus (SIV) infection 
[ 44 ], whereas the opposite effect was seen in 
estrogen-treated ovariectomized rhesus macaques 
[ 45 ,  46 ]. Similar results have been observed in 
mice treated with hormones and challenged with 
HSV-2 [ 47 ], while studies on human subjects and 
progesterone have failed to demonstrate signifi -
cant changes [ 48 – 50 ]. The effects of hormonal 
therapy and mucosal keratin layers are therefore 
largely unknown with regard to the risk of STIs. 

 Some infectious agents will not get through an 
intact and normal mucosa and are believed to get 
access to the underlying tissue through wounds 
and microabrasions. This is thought to be the 
case for HPV infections [ 15 ,  16 ,  51 ,  52 ]. Studies 
have demonstrated a decreased resistance of 
fi laggrin- defi cient skin to stress, for example 
stretch, resulting in keratinocyte disruption and 
reduced integrity [ 12 ,  19 ,  20 ]. In relation to the 
cervix, it is thus possible, at least in theory, that 
fi laggrin defi ciency due to  FLG  mutations could 
increase the risk of HPV infection through micro-
wounds and ultimately the development of neo-
plasia. Furthermore, it has been shown that 
infl ammation in the skin and exposure of kerati-
nocytes to certain cytokines, among others IL-17, 
IL-25, and IL-22, reduce fi laggrin and pro- 
fi laggrin expression and mRNA along with other 
factors of differentiation and barrier function 
[ 21 – 26 ]. The latter includes downregulation of 
genes involved in processing fi laggrin into amino 
acids and the generation of NMFs, adhesion 
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 molecules, and tight junction proteins. These 
cytokines have also been suggested to exert their 
effect in other organs and surfaces of the body 
[ 21 ] and are not necessarily produced by cells at 
the main site of infl ammation in the skin or in the 
skin at all in atopic dermatitis [ 23 ,  25 ]. Similar 
effects could thus be present in cervical 
epithelium. 

 A vaginal pH range of 4.0–4.5 is considered 
normal for premenopausal women, whereas an 
increase occurs after menopause. It is primarily 
determined by lactic acid production of the epi-
thelium and from  Lactobacillus  species that 
dominate the vaginal microfl ora [ 53 ]. An ele-
vated vaginal pH has been shown to be associated 
with a loss of natural epithelial defense, increased 
rate of colonization with pathogens in the vagina 
and the urinary tract, and increased susceptibility 
to STIs. Thus, it could possibly be associated 
with increased risk of HPV acquisition [ 13 ,  14 , 
 54 ]. As mentioned earlier, the reduction in fi lag-
grin metabolites causes an increase in skin pH. 
Whether this is also the case in vaginal and cervi-
cal mucosa is unknown.  

33.3     Human Papillomavirus 

 HPV is a small DNA virus that infects keratino-
cytes of the skin and mucosa. More than 100 
types have been identifi ed. Around 40 types have 
a special affi nity for the epithelium in the ano-
genital area, and around 15 types have been char-
acterized as being carcinogenic (high risk); 
however, not all of these types have the same car-
cinogenic potential [ 83 ]. HPV-16 has a unique 
carcinogenic potential, and together with another 
high-risk HPV type, HPV-18, it is associated 
with around 70 % of all cervical cancers. Among 
the noncarcinogenic (low-risk) HPV types, 
HPV-6 and HPV-11 are associated with more 
than 90 % of all cases of genital warts [ 5 ]. 

 HPV is almost exclusively sexually transmit-
ted and has increased in prevalence during the 
past decades in many parts of the world [ 5 ]. It is 
the most common STI worldwide, and a high 
proportion of sexually active men and women 
will acquire it at some point during their life. The 

prevalence has been estimated to be 27.4 % 
worldwide [ 84 ], with type 16 detected in about 
24 % and type 18 in about 9 % of women with 
HPV infection. Among women, the highest prev-
alence is observed in those younger than 25 years 
[ 55 – 57 ]. 

 HPV is inoculated in the basal cells of the epi-
thelium and depends on the terminal differentia-
tion of these to complete its life cycle and produce 
new viral particles. The HPV life cycle takes 
approximately 2–3 weeks, which is the time for 
the cell to migrate from the basal cell layer to the 
superfi cial layers, mature, undergo senescence, 
die, and release new viral particles [ 5 ,  16 ,  59 –
 61 ]. Among others, HPV encodes two proteins, 
E6 and E7, which together can promote cellular 
proliferation, prolong cell cycle progression, and 
prevent apoptosis. These two proteins are both 
major contributive factors to the carcinogenesis 
of persistent infection with a high-risk HPV type 
[ 62 ,  63 ]. E6 and E7 interact with, respectively, 
p53 and retinoblastoma proteins, and for some 
high-risk HPV infections, they block these nega-
tive regulators of the cell cycle so effi ciently that 
the infected cells never mature and cease to apop-
tose [ 5 ,  11 ]. Due to this, viral structural proteins 
are less frequently expressed in severe lesions, 
and HPV infections can be demonstrated only by 
using HPV DNA probes. The resulting genomic 
instability enables genetic alterations to accumu-
late, eventually causing malignant transforma-
tion. In addition, the development of cancer also 
depends on immune evasion that enables the 
virus to remain undetected for long periods. 
High-risk HPV and E6 and E7 exhibit several 
mechanisms to do so. Progressing preinvasive 
neoplasia accumulates genetic alterations that 
further assists with immune evasion, so-called 
immunoediting [ 5 ,  64 ,  65 ].  

33.4     CIN and Cervical Cancer 

 Cervical cancer is one of the most common 
female malignancies worldwide. A defi nite 
causal role of HPV in the development of cervi-
cal cancer has been demonstrated [ 85 ]. HPV is a 
necessary but not suffi cient factor in the 
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 development of cervical cancer, and HPV is also 
associated with a proportion of other anogenital 
and oropharyngeal cancers. Persistent infection 
with a high-risk HPV type is a prerequisite for 
progression to CIN and cancer [ 5 ]. HPV DNA is 
found in >99 % of cervical cancers [ 66 ]. Most 
HPV infections, irrespective of the type, are often 
harmless and clear spontaneously without symp-
toms, but persistent infection can disrupt the nor-
mal cell cycle control, promoting uncontrolled 
cell division and the accumulation of genetic 
damage [ 5 ] as described above. The main site of 
origin of all premalignant and malignant lesions 
of the cervical epithelium is considered to be the 
T-zone [ 8 ,  77 ]. CIN-1 is considered a low-grade 
lesion or a morphological manifestation of an 
HPV infection and refers to mildly atypical cel-
lular changes in the lower third of the epithelium 
(formerly called mild dysplasia). HPV viral cyto-
pathic effect (koilocytotic atypia) is often pres-
ent. CIN-2 is considered a high-grade lesion. It 
refers to moderately atypical cellular changes 
confi ned to the basal two-thirds of the epithelium 
(formerly called moderate dysplasia) with preser-
vation of epithelial maturation. CIN-3 is also 
considered a high-grade lesion. It refers to 
severely atypical cellular changes encompassing 
greater than two-thirds of the epithelial thickness 
and includes full-thickness lesions (formerly 

called severe dysplasia or carcinoma in situ) [ 82 ]. 
HPV types 16 and 18 account for roughly 70 % 
of all cervical cancer [ 57 ], and type 16 is by far 
the likeliest to persist and cause CIN-3 and cervi-
cal cancer, followed by type 18 [ 78 – 80 ,  83 ]. 
Several prophylactic vaccines against especially 
high-risk types have been developed and are in 
use, and studies on therapeutic vaccines are 
ongoing [ 5 ] (Fig.  33.1 ).

   The HPV type and immunodefi ciency (e.g., 
HIV positivity and organ transplant recipients) 
are the only clear nonbehavioral risk factors for 
the acquisition, persistence, and progression of 
infection, although others have been explored 
[ 58 ,  67 – 70 ]. The latter includes alterations in the 
vaginal microenvironment, where, for example, 
an acidic vaginal pH is known to be a key compo-
nent of defense [ 13 ,  71 ]. In a study by Clarke 
et al. [ 13 ], they investigated the relationship 
between vaginal pH and the risk of HPV infec-
tion and HPV-related cytological abnormalities 
in cervical specimens. In accordance with other 
studies [ 14 ], a signifi cant relationship was found 
between elevated vaginal pH and the risk of HPV 
infection, which was particularly pronounced in 
premenopausal women (<25 and 25–34 years). 
Elevated vaginal pH was also associated with a 
30 % greater risk of infection with multiple HPV 
types and with low-grade squamous  intraepithelial 
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  Fig. 33.1    HPV infection through microabrasion, life cycle, and development of CIN and cervical cancer (Reprinted by 
permission from Woodman et al. [ 60 ], Macmillan Publishers Ltd, copyright 2007)       
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lesions, predominantly in women younger than 
35 and older than 65 years of age. However, a 
sub-analysis in HPV-positive women revealed no 
association between elevated pH and high- grade 
squamous intraepithelial lesions. 

 Bacterial vaginosis is a very common com-
plaint, where the vaginal pH is elevated due to 
alterations in vaginal microfl ora. It is recognized 
that bacterial vaginosis has an infl uence on acqui-
sition of certain genital infections, for example, 
Neisseria gonorrhoeae, Chlamydia trachomatis, 
HSV-1 and HPV-2, and HIV [ 72 – 74 ]. In a meta- 
analysis from 2011 by Gillet et al. [ 54 ] including 
a total of 6,372 women, a positive association 
between bacterial vaginosis and HPV was found 
with an odds ratio 1.43 (95 % CI, 1.11–1.84). It 
should be emphasized that bacterial vaginosis 
exerts several changes in the vaginal milieu 
besides elevated pH, including changes in cyto-
kine production [ 75 ] and decreased signs of 
infl ammation [ 76 ], which may play a role in this 
possible association.  

33.5     Filaggrin and the Cervix 

 While keratinization and fi laggrin expression 
were found to be markedly decreased in vaginal 
and cervical tissue compared to penile tissue 
from human donors without known disease in 
one study [ 3 ], most other studies have demon-
strated a positive homogeneous stain in the upper 
parabasal, intermediate, and superfi cial cell lay-
ers of normal squamous cervical epithelium with 
increasing intensity toward the surface of the epi-
thelium and fi laggrin intracellularly distributed 
diffusely throughout the cytoplasm. The confl ict-
ing results in terms of vaginal and cervical tissue 
may be due to difference in staining methods. 
Lara et al. [ 7 ] studied 87 cervical biopsies, classi-
fi ed as either normal cervical epithelium, non-
neoplastic lesions, preneoplastic lesions, or 
neoplastic lesions, and performed fi laggrin pro-
tein immunostaining. Non-squamous epithelium, 
either benign or malignant, showed lack of fi lag-
grin expression as also demonstrated elsewhere 
[ 8 ]. As for normal squamous epithelium, they 
found the aforementioned homogeneous 

 suprabasal pattern. In cervical condylomas, a 
predominantly diffuse cytoplasmatic homoge-
neous pattern similar to that found in normal tis-
sue was present in 85.7 % of cases. In CIN, the 
extent of fi laggrin immunoreactivity was 
inversely related to the severity of the lesion 
( P  < 0.001) as it has been shown in other studies 
[ 2 ,  9 ]. While all CIN-1 lesions showed a homo-
geneous distribution of fi laggrin, most CIN-2 and 
CIN-3 lesions exhibited an irregular staining pat-
tern, with a mixture of reactive and unreactive 
cells scattered at all levels of the epithelium. Two 
CIN-3 specimens showed complete absence of 
fi laggrin expression. These fi ndings are in line 
with several other reports [ 2 ,  7 – 9 ]. With respect 
to the invasive squamous cell carcinomas of the 
cervix, regular fi laggrin expression was associ-
ated with the grade of tumor differentiation 
( P  < 0.05). Hence, poorly and moderately differ-
entiated carcinomas were predominantly associ-
ated with focal or negative immunostainings, 
while well- differentiated carcinomas were asso-
ciated with a homogenous or irregular distribu-
tion of fi laggrin [ 7 ]. With regard to the results in 
this report, it must be emphasized that in 35.7 % 
of condylomatous lesion and in most cases of 
CIN-1 to CIN-3, fi laggrin was found to be dis-
tributed throughout the whole thickness of the 
epithelium, including the basal cell layer. 
Studying the fi gures in the article, especially 
comparing Figures 2 and 3, this staining of the 
basal cell layers could possibly be due to low 
specifi city of the antibody used. In conjunction 
with other experiments dealing with HPV infec-
tion, epithelial differentiation, and fi laggrin [ 86 ], 
including the ones described in this text, fi laggrin 
staining of basal cells seems at least unlikely. 

 Cintorino et al. [ 2 ] studied the association 
between fi laggrin expression, HPV type, and 
CIN in follow-up biopsies and healthy controls. 
HPV infection was detected using an in situ 
hybridization technique with DNA probes for 
HPV-6, HPV-11, HPV-16, HPV-18, and HPV-31, 
and distinction was made between HPV-CIN, 
noHPV-CIN, and HPV-noCIN. Three patterns of 
fi laggrin expression were used: pattern 1, where 
all layers above the basal cells stained positive 
regularly; pattern 2, where all layers above the 
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basal cells stained irregularly; and pattern 3, 
where only scattered superfi cial cells stained pos-
itive. Similar to others, they found that fi laggrin 
distribution in lesions infected with HPV-6 or 
HPV-11 resembled that of normal exocervix, 
with pattern 1 being present in 36.7 % and pattern 
2 in 34.7 %. This contrasted HPV-16- and HPV-
18- infected cases, where 46.7 % showed pattern 
3. Also in this study, there was an inverse rela-
tionship between both HPV-CIN and noHPV- 
CIN and fi laggrin expression according to the 
patterns. There was a signifi cant difference 
between HPV-noCIN and HPV-CIN lesions, in 
the manner that 77.7 % in the former expressed 
pattern 1 and 43.5 % expressed pattern 3 in the 
latter. Moreover, a signifi cant difference was 
found between noHPV-CIN and HPV-CIN, since 
pattern 3 was expressed in 4.3 and 43.5 %, 
respectively ( P  < 0.001). Among these pattern 1 
was expressed in 30.4 and 21.7 %. This study 
suggests that fi laggrin expression is unaffected 
by HPV infection in the vast majority of lesions 
when not accompanied by CIN. Bear in mind that 
only HPV types 6, 11, 16, 18, and 31 were 
detected in these trials, whereby the neoplasia in 
some noHPV-CIN could be due to other HPV 
types. Still it is indicated that CIN lesions of the 
same severity can differ in fi laggrin expression 
depending on the type of HPV infection, HPV-16 
and HPV-18, causing the greatest alterations 
from normal. Contrasted to this, in a study on 
Bowen’s disease and genital Bowen’s papulosis 
[ 6 ], no correlation could be established between 
the presence of HPV DNA or its type and the 
expression of fi laggrin/pro-fi laggrin. Changes in 
fi laggrin/pro-fi laggrin expression were related to 
abnormal keratinization rather than to the pres-
ence of HPV DNA or type. With regard to the 
T-zone, Serra et al. [ 8 ] showed that fi laggrin was 
completely absent from the endocervical colum-
nar epithelium, but with diffuse and intense 
immunoreactivity even in the most immature 
metaplastic epithelium. In the area of very incipi-
ent squamous metaplasia, unnoticed histologi-
cally, fi laggrin expression was found to be 
restricted to the reserve subcolumnar cells, which 
is thought to play a role in the histogenesis of the 
T-zone [ 8 ,  81 ]. 

 The prospective value of fi laggrin immunore-
activity in the differential diagnosis of cervical 
lesions was investigated by Lara et al. [ 7 ]. 
Nonhomogeneous fi laggrin immunostaining pat-
terns (irregular, focal, or absent) identifi ed pre-
malignant/malignant squamous cervical lesions 
(CIN or invasive carcinomas) with a sensitivity of 
77.4 %, a specifi city of 95.2 %, a positive predic-
tive value of 92.3 %, and a negative predictive 
value of 85.1 %. Ronald C. McGlennen [ 9 ] found 
that immunohistochemical staining could 
 qualitatively distinguish between normal and 
CIN-1 to CIN-2 lesions and between CIN-3 and 
squamous cell carcinoma, though not quantita-
tively separate further between histologic groups. 
It should though be taken into consideration that 
fi laggrin could be a marker of squamous epithe-
lium differentiation in both normal and patho-
logical cervical tissue, and thus even neoplastic 
lesion can exhibit a regular homogeneous immu-
nostaining pattern if well differentiated [ 7 ].  

33.6     Discussion 

 No studies have yet explored the association 
between mutations in the  FLG  and the risk of HPV 
infection, CIN, and cervical cancer. Several stud-
ies have looked at fi laggrin expression along with 
HPV type in these disorders [ 2 ,  7 – 10 ] and found 
changes in comparison to normal cervical epithe-
lium as described above. Expression of fi laggrin in 
CIN has thus been found to be inversely related to 
the severity of the lesion with an irregular pattern 
present in most high-grade CIN, and it was closely 
related to the degree of differentiation ( P  < 0.05) in 
squamous cell carcinomas of the cervix [ 7 ,  9 ]. 
Furthermore, a difference was seen in fi laggrin 
immunostaining in tissues, histologically equiva-
lent, infected with HPV types 16 or 18 compared 
to low-risk types, the former showing the greatest 
alterations from normal cervical tissue [ 2 ]. 

 As mentioned earlier, fi laggrin expression and 
hence barrier function is affected by infl amma-
tion and different cytokines. In continuation of 
this, Kim et al. [ 22 ] demonstrated that IL-25 
enhances herpes simplex virus (HSV)-1 and 
 vaccinia virus replication through inhibition of 
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fi laggrin expression. Filaggrin was found to be a 
critical protein to inhibit HSV-1 replication in 
that fi laggrin RNA knockdown enhances HSV-1 
replication in vitro. We also mentioned that cyto-
kines secreted in response to infl ammation of dif-
ferent origin in the skin is believed to exert their 
effect in other organs and surfaces of the body 
[ 21 ]. Thus, it is conceivable that besides impaired 
barrier function of the cervical mucosa due to 
 FLG  mutations, additional impairment could be 
caused by secretion of cytokines from cells in 
infl amed skin and in the peripheral blood in 
response to, for example, severe atopic dermati-
tis. With impaired barrier function, susceptibility 
to STIs increases, leading to further infl amma-
tion, which again leads to further impaired bar-
rier function. A vicious circle. 

  FLG  mutations are signifi cantly associated 
with atopic dermatitis; however, they are not a 
prerequisite for the development of this condi-
tion. Despite a 13 % increase in the risk of any 
cancer among atopic dermatitis patients, 
Hagströmer et al. [ 17 ] could not demonstrate an 
increased risk of cervical cancer in a cohort of 
15,666 hospitalized patients with a discharge 
diagnosis of atopic dermatitis between 1965 and 
1999. Neither could Olesen et al. [ 18 ] in a 2005 
Danish follow-up study. It should be emphasized 
that only a small number of patients with cervical 
and female genital cancers was included in these 
studies and that only a 20–30 % of atopic derma-
titis patients have  FLG  mutations.     
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        Rheumatoid arthritis (RA) is an autoimmune dis-
ease characterized by chronic infl ammation of the 
joints. In autoimmune diseases, the immune sys-
tem loses the ability to distinguish between self 
and nonself, so self-antigens are recognized as 
nonself and a T- and/or B-cell immune response 
is initialized. The best known dysregulation of 
the adaptive immune response in autoimmune 
diseases is the production of autoantibodies. In 
RA, the presence of autoantibodies has already 
been reported: autoantibodies against fi brino-
gen, vimentin, fi laggrin, etc. In this chapter, we 
will focus on the autoreactivity in RA against 
fi laggrin and the role of these antibodies in the 
disease. 

34.1     Autoreactivity Against 
Filaggrin 

 Filaggrin, a cytokeratin fi lament of the epithelial 
cells, is involved in the organization of cytoskel-
etal structures in epithelial cells. Reactivity to 
fi laggrin was fi rst detected by Nienhuis and 
Mandena [ 1 ] and Young et al. [ 2 ]. They detected 
the antiperinuclear factor (APF) and the anti- 
keratin antibodies (AKA), respectively. APF 
antibodies bind to pro-fi laggrin in the perinuclear 
granules in epithelial cells of the human buccal 
mucosa [ 3 ]. The antigenic substrate of AKA, on 
the other hand, was rat esophagus, but AKA also 
recognize fi laggrin in the human epidermis [ 4 ]. 
Interestingly, both antibodies showed a high 
specifi city for RA (87–100 % and 73–100 %, 
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respectively) [ 3 ]. The widespread use of these 
tests, however, was limited because of the prob-
lems in standardizing the natural substrates and 
since APF-positive buccal mucosa cells can only 
be found in approximately 5 % of the donors [ 5 , 
 6 ]. Later on, APF and AKA antibodies were clas-
sifi ed as anti-fi laggrin antibodies (AFA) since 
they both recognize fi laggrin [ 3 ]. More precisely, 
AFA are reactive with the acidic/neutral isoform 
of fi laggrin, leading to the hypothesis that citrul-
line residues might be present on the epitopes [ 7 ]. 
Indeed, in the late 1990s   , it was shown that these 
antibodies targeted citrullinated epitopes of (pro)
fi laggrin. 

 Moreover, citrullination was essential for the 
autoantigenicity of fi laggrin [ 5 ,  7 ]. Citrullination 
of albumin revealed no reactivity with sera from 
RA patients, indicating that the amino acid 
sequence was important as well [ 7 ]. AFA were 
also correlated with disease activity and severity, 
and their presence was found before the clinical 
symptoms of RA [ 8 ].  

34.2     Citrullination 

 Citrullination or deimination is a posttransla-
tional modifi cation in which the arginine residue 
in a protein is converted to a citrulline residue. 
This modifi cation is effected by peptidylarginine 
deiminase (PAD) enzymes, which need a high 
calcium concentration (10 −2  mmol/L) (Fig.  34.1 ) 
[ 9 ,  10 ].

   The PAD family consists of fi ve members 
(PAD1, PAD2, PAD3, PAD4, PAD6) marked by a 
different tissue distribution, with PAD2 being the 
most widely expressed PAD enzyme (Table  34.1 ) 
[ 9 ,  11 ,  12 ].

   During citrullination, the charge of the protein 
changes: a positively charged arginine residue is 

replaced by a neutral citrulline. This change in 
charge can lead to different intra- and intermolecu-
lar interactions, potentially resulting in an altered 
protein folding [ 9 ,  14 ]. This change in three-
dimensional structure of the protein/peptide can 
alter the proteolytic processing and the MHC class 
II presentation, which can lead to the exposure of 
new antigens to the immune system [ 9 ,  15 – 17 ].  

34.3     Citrullinated Proteins 

 Citrullinated proteins are found in healthy sub-
jects in the outer epidermis (skin, nails, and hair) 
and in the central nervous system (CNS) [ 11 ,  18 , 
 19 ]. Citrullination of keratin and fi laggrin in the 
skin is necessary for the cornifi cation of the epi-
dermis [ 11 ,  20 ]. In the CNS, citrullination of 
myelin basic protein is involved in the assembly 
and the structural stabilization of the myelin 
sheaths [ 21 ]. Citrullination of histones is involved 
in transcriptional regulation [ 22 ] and in the 
decondensation of chromatin when forming neu-
trophil extracellular traps (NETs) [ 23 ]. 
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  Fig. 34.1    Deimination 
of peptidylarginine to 
peptidylcitrulline by 
the calcium-dependent 
enzyme peptidylarginine 
deiminase (PAD)       

   Table 34.1    Expression of PAD in various tissues [ 9 – 13 ]   

 Tissue/organ 
 Localization 
in the cell 

 PAD1  Epidermis, uterus  Cytosol 
 PAD2  Brain, uterus, salivary gland, 

macrophage, lymphocyte, 
spleen, pancreas, skeletal 
muscle, bone marrow, skin, 
synovial membrane, synovial 
fl uid 

 Cytosol 

 PAD3  Hair follicle  Cytosol 
 PAD4  Eosinophil, neutrophil, 

monocyte, macrophage, bone 
marrow, synovial membrane, 
synovial fl uid 

 Cytosol/
nucleus 

 PAD6  Oocyte, ovary, early embryo  Cytosol 
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 Citrullinated proteins are also found in several 
diseases, such as cancer, Alzheimer’s, and RA 
[ 24 ].    During the last two decades, citrullinated 
proteins have gained a lot of interest in the fi eld 
of RA since ACPA were specifi cally found in this 
disease.  

34.4     Antibodies Against 
Citrullinated Proteins (ACPA) 

 Nowadays, determination of the ACPA titer is 
commonly used for the diagnosis of RA. The 
diagnostic test for ACPA is based on the ELISA 
technique with synthetic cyclic citrullinated 
proteins/peptides as coated antigens (anti-CCP 
ELISA). The peptides are made cyclic in order to 
optimally expose the citrulline residue to antibod-
ies. Anti-CCP antibodies were originally detected 
by the use of citrullinated cyclic fi laggrin peptides 
(later called the anti-CCP1 ELISA) since antibod-
ies against citrullinated fi laggrin showed a high 
specifi city for RA [ 7 ]. A few years later, the anti-
CCP1 ELISA was replaced by anti- CCP2 ELISA, 
which consisted not only of fi laggrin but a pool 
of cyclic citrullinated peptides. Comparative stud-
ies between anti-CCP1 ELISA and anti-CCP2 
ELISA revealed that the anti- CCP2 ELISA had 
a higher sensitivity (68 vs. 53 %) compared to 
the anti-CCP1 ELISA and a comparable specifi c-
ity (95–96 %) [ 25 ,  26 ]. This resulted in a signifi -
cant higher area under the curve (AUC) in ROC 
analyses for the anti-CCP2 ELISA compared to 
anti-CCP1 ELISA. The anti- CCP2 test was also 
superior in identifying patients with an increased 
rate of joint damage progression [ 25 ]. Therefore, 
the anti-CCP1 ELISA is inferior to the cur-
rent anti-CCP2 ELISA, indicating that a pool of 
citrullinated peptides has a better diagnostic and 
prognostic value compared to an ELISA based on 
citrullinated fi laggrin alone. 

 The anti-CCP2 ELISA has a good sensitivity 
(around 70 %) and a high specifi city (98 %), 
making the anti-CCP titer a very useful diagnos-
tic marker (reviewed in [ 27 – 33 ]). 

 The role of ACPA in the pathogenesis of RA is 
emphasized by the presence of anti-CCP antibod-
ies before the onset of the disease [ 34 – 36 ]. This 

predictive value is of major importance in RA 
since treatment at the early stages of disease can 
delay or even avoid joint destruction. 

 Additionally, it has been shown that ACPA- 
positive patients have a more severe and erosive 
disease course compared to ACPA-negative 
patients [ 35 – 38 ]. The presence of ACPA is also 
associated with human leukocyte antigen (HLA) 
DRB1 alleles, a gene that is associated with RA 
and the severity of the disease [ 39 ]. Moreover, 
ACPA reactivity divides RA patients into two 
major subsets, which should be treated as  separate 
entities when studying the molecular pathophysi-
ology of RA [ 15 ]. 

 Since the discovery of ACPA, a lot of research 
has been conducted on the identity of these citrul-
linated proteins involved in the pathogenesis of 
RA. The best-studied citrullinated proteins in the 
context of RA are fi laggrin, fi brinogen, vimentin, 
fi bronectin, collagen type II (CII), and α-enolase 
[ 8 ,  29 ,  40 – 54 ].  

34.5     Is (Pro)Filaggrin the Trigger 
for ACPA Production? 

 An important difference between (pro)fi laggrin 
and other proteins that are considered as possible 
triggers for the ACPA production (CII, α-enolase, 
fi brinogen, and vimentin) is their presence in the 
joint. (Pro)fi laggrin has not been found in the 
joints of RA patients, whereas CII, α-enolase, 
fi brin(ogen), and vimentin have been detected in 
large amounts [ 41 ,  50 ,  52 ,  55 ,  56 ]. Since 
citrulline- reactive autoantibodies are synthesized 
locally by plasma cells in the pannus, the trigger 
for ACPA production must be a (self-)antigen 
present in the infl amed joint [ 57 ,  58 ]. Therefore, 
one could presume that citrullinated (pro)fi lag-
grin is not the autoantigen that drives the ACPA 
response [ 57 ]. Citrullinated CII, α-enolase, 
fi brin(ogen), and vimentin, on the other hand, are 
detected in the joints of RA patients [ 41 ,  55 ] and 
are, therefore, considered as more relevant candi-
dates to trigger the ACPA production. 

 Although fi laggrin is not present in the joint, 
Masson-Bessiere et al. [ 8 ] found that anti- 
fi laggrin autoantibodies (AFA) could bind 
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 proteins from the joint, more precisely citrulli-
nated α- and β-fi brin chains. Moreover, citrulli-
nated fi brin is targeted by a larger proportion of 
RA sera compared to (pro)fi laggrin [ 8 ]. AFA are, 
therefore, postulated as antibodies reactive to 
citrullinated epitopes from a cross-reactive pro-
tein [ 5 ,  8 ]. This was confi rmed by Baeten et al. 
[ 59 ], who found by means of double immunofl u-
orescence that AFA reactivity colocalized with 
anti-citrulline reactivity in the synovium but not 
with monoclonal AFA, which recognized both 
fi laggrin and (pro)fi laggrin. This cross-reactivity 
of AFA with other citrullinated proteins was 
explained by Schellekens et al. [ 5 ], who sug-
gested that citrulline is essential for the antigenic 
properties of proteins recognized by RA-specifi c 
antibodies. Additionally, it was found that not 
citrullinated proteins in the synovium as such, but 
rather the intracellular citrullinated proteins from 
the synovium, were specifi c for RA, leading to 
the assumption that citrullinated fi laggrin is not 
the most specifi c antigen in RA [ 59 ,  60 ]. 

 Van de Stadt et al. also compared the reactiv-
ity of ACPA-positive patients before RA diagno-
sis [ 61 ]. They found that the fi rst positive sample 
was most often directed against a citrullinated 
fi brinogen peptide, followed by a citrullinated 
vimentin peptide, a citrullinated alpha-enolase 
peptide, and then CCP1, indicating that the anti-
gens of the CCP1 test, citrullinated fi laggrin, are 
not the trigger for ACPA production. 

 Besides its localization and antibody reac-
tivity, researchers who wanted to determine the 
trigger for ACPA production also focused on the 
capacity of citrullinated proteins to induce T-cell 
proliferation, since there is a strong association 
between ACPA titers and HLA-DRB1 alleles in 
RA and since ACPA are class-switched antibod-
ies [ 62 ]. The proliferative response of peripheral 
blood mononuclear cells to both fi laggrin and 
citrullinated fi laggrin was rarely observed and 
did not signifi cantly differ between RA patients 
and healthy controls [ 63 ], again indicating that 
(citrullinated) (pro)fi laggrin is not the trigger 
for RA. However, as mentioned above, citrulli-
nated fi laggrin was once the only antigen used 

to detect ACPA, but more and more reports indi-
cate that this is due to cross-reactivity, based on 
the citrulline residues rather than on the protein 
backbone.     
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35.1            Organization of the Oral 
Mucosa 

 All areas of the oral mucosa are lined with strati-
fi ed squamous epithelium; however, marked dif-
ferences in epithelial differentiation patterns are 
seen from one area to another. Traditionally, the 
oral mucosa is divided into lining, masticatory, 
and specialized types, refl ecting the functions in 
different areas [ 1 ]. Lining mucosa, supported by 
lamina propria and submucosa with underlying 
striated muscle, is nonkeratinized and character-
ized by being fl exible and distensible in order 
to accommodate the functions related to speech 
and manipulating food in the chewing process. 
Masticatory mucosa, supported by a lamina 
propria fi rmly attached to the underlying bone, 
is keratinized and has a rigid surface in order 
to participate in macerating food and to resist 
the mechanical friction related to mastication. 
Specialized mucosa is represented by the dorsal 
surface of the tongue containing papillae with 
taste buds and papillae participating in the chew-
ing and swallowing process. The latter papillae 
are keratinized, whereas most other areas are 
nonkeratinized. 

 In contrast to skin, hair follicles and sweat 
glands are not present in the oral mucosa. 
Sebaceous glands, however, are present in many 
individuals in the labial and buccal mucosa some-
times presenting clinically as yellow spots 
(Fordyce’s spots). Their presence is not easily 
explainable, as lubrication of the oral mucosa is 
taken care of by the salivary glands, which are 
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responsible for the moist character of the mucosa 
and furthermore have an important protective 
function as a fi rst line of defense.  

35.2     Structure of Oral Epithelia 

 The oral epithelium is thick compared to the epi-
dermis in most areas of the skin. Interfollicular 
epidermis in the iliac crest region is 120/35 μm 
thick in epithelial ridges/connective tissue papil-
lae regions. The corresponding fi gures for buccal 
mucosa are 580/150 μm and for palatal mucosa, 
310/120 μm [ 2 ]. Nonkeratinized mucosa con-
tains a mitotically active basal layer that advances 
through a spinous cell layer to a superfi cial layer 
where cells fl atten and desquamate at the  surface 
[ 2 ] (Fig.  35.1 ). Buccal and labial epithelia are 
thick with an undulated epithelial connective tis-
sue interface formed by epithelial rete ridges and 
connective tissue papillae, whereas the  epithelium 
of the fl oor of the mouth is comparably thin, with 
a rather straight epithelium connective tissue 
interface. Keratinized palatal and gingival epithe-
lium differ in keratinization type, as palatal epi-
thelium usually is orthokeratinized (Fig.  35.2 ) and 

gingival epithelium is parakeratinized (Fig.  35.3 ), 
although both keratinization types can be seen 
in both regions. Thus, the general stratifi cation 

  Fig. 35.1    Normal nonkeratinized human buccal 
epithelium       

  Fig. 35.2    Normal orthokeratinized human palatal 
epithelium       

  Fig. 35.3    Normal parakeratinized human gingival 
epithelium       
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of palatal epithelium includes a basal cell layer, 
a spinous cell layer, a granular cell layer, and a 
stratum corneum of orthokeratin, whereas the 
gingival epithelium lacks a distinct granular cell 
layer and the stratum corneum consists of para-
keratin with pycnotic nuclei. Both epithelia are 
rather thick, with well-formed epithelial rete 
ridges in the gingiva with a slender and variable 
appearance.

35.3          The Permeability of the Oral 
Mucosa 

 The oral epithelia are relatively leaky, being more 
than ten times more permeable to water com-
pared to the epidermis [ 3 ]. The difference in 
 permeability varies considerably between vari-
ous regions in the oral cavity. The keratinized 
palate and gingiva have the lowest permeability, 
followed by the buccal mucosa, whereas the area 
with highest permeability is the sublingual 
mucosa/fl oor of mouth. In areas of damaged 
mucosa, the barrier may be impaired, leading to 
an increased permeability [ 4 ]. The turnover time 
for the buccal epithelium has been estimated at 
5–8 days [ 5 ], which is most likely representative 
for the oral mucosa as a whole. 

 The keratinized epithelia contain neutral lip-
ids like ceramides and acylceramides, which 
have been associated with the barrier function. 
These epithelia are relatively impermeable to 
water. In contrast, nonkeratinized epithelia, such 
as the fl oor of the mouth and the buccal epithe-
lia, only contain small amounts of ceramides and 
no acylceramides. Furthermore, the permeability 
barrier in the oral mucosa may also be a result 
of the presence of membrane-coating granules 
[ 6 ]. These are made when cells undergo differ-
entiation, and at the apical cell surfaces, they 
fuse with the plasma membrane, and their con-
tents are released into the intercellular spaces at 
the upper third of the epithelium [ 7 ]. This bar-
rier comprises about 200 μm of the superfi cial 
layer. The membrane- coating granules of kera-
tinized epithelium are composed of lamellar lipid 
stacks, while the nonkeratinized epithelium con-
tains non-lamellar membrane-coating granules. 
The lipids of the membrane-coating granules 
in the keratinized epithelia include ceramides, 

 glucosylceramides, and sphingomyelin, whereas 
the lipids in nonkeratinized epithelia comprise 
cholesterol esters, cholesterol, and glycosphin-
golipids [ 7 ]. The difference in lipid composition 
may contribute to explain why water permeabil-
ity is higher in the nonkeratinized epithelia and 
the fact that larger molecules like toxins and 
enzymes more easily penetrate keratinized than 
nonkeratinized epithelia [ 7 ]. 

 The surface layer of the oral epithelia is, under 
normal conditions, bathed in saliva. One of the 
functions of saliva is to dilute and remove surface 
material, food substances, bacteria, etc., from the 
oral cavity but also to form a barrier layer of the 
oral mucosa [ 8 ]. In this regard, salivary mucins 
like MG1 and MG2 play an essential role as they 
contribute to cell-cell adhesion, lubrication of the 
oral mucosa, and limitation of the microbial 
attachment to the mucosal surface [ 9 ]. More than 
70 % of the mucins are secreted by the minor 
salivary glands. 

 Saliva plays a major protective role for the 
hard and soft tissues in the oral cavity. It lubri-
cates the tissues and protects them from abrasion 
by rough materials and from chemicals. Saliva 
comprises 1 % organic and inorganic substances 
and 90 % water. The salivary pH varies from 5.5 
to 7, depending on the fl ow rate. At high fl ow 
rates, the sodium chloride and bicarbonate con-
centrations increase, leading to an increase in the 
pH. Under normal conditions, the daily saliva 
volume is between 0.5 and 1 L. 

 Salivary gland hypofunction often leads to 
oral mucosal problems like erosions and ulcers 
and symptoms including sensation of oral dry-
ness as well as itching and burning most likely 
due to increased permeability of the oral 
mucosa [ 8 ].  

35.4     Molecular Differentiation 
in Oral Epithelium 

35.4.1     Keratins and Cornifi ed 
Envelope Proteins 

 The expression of the major structural proteins in 
the oral epithelium, the keratins, varies in lining 
and masticatory areas [ 10 ,  11 ]. In all areas, like in 
the epidermis, the basal cells possess keratin 5 

35 Filaggrin and the Oral Mucosa



354

and 14, and in palatal and gingival epithelia, the 
suprabasal cells contain keratin 1 and 10, resem-
bling the pattern in epidermis. Nonkeratinized 
lining epithelia, however, contain keratin 4 and 
13 in suprabasal layers. Keratin 19 is sometimes 
present in nonkeratinized epithelia, and keratin 
16 sometimes can be isolated from normal pala-
tal epithelium [ 10 ]. In diseased states, normally 
nonkeratinized epithelia can become keratinized, 
e.g., leukoplakia, and a shift in keratin expression 
is seen as suprabasal cells cease expressing kera-
tin 4 and 13 and now express keratin 1 and 10 like 
normal palatal epithelium [ 12 ]. Thus, the termi-
nal differential pattern can change profoundly in 
oral epithelia. 

 Suprabasally, the spinous cells synthesize pro-
teins engaging in the later process of thickening of 
the cell membrane by cross-linking of proteins by 
transglutaminases at the interior aspect of the cell 
membranes (cornifi ed envelopes). In oral epithelia, 
involucrin and transglutaminase can be detected 
suprabasally in keratinized as well as nonkera-
tinized epithelia [ 11 ,  13 ]. In the latter epithelia, 
the expression of involucrin and transglutaminase 
begins at a lower stage in the spinous cell layer than 
in keratinized epithelium [ 11 ]. Thus, although it is 
discussed if cornifi ed envelopes are seen in non-
keratinized epithelium [ 2 ], the proteins and the 
enzyme necessary for their formation are present.   

35.5     Filaggrin 

 In the oral mucosal epithelium, distinct kerato-
hyaline granules are present in the granular cell 
layer of orthokeratinized epithelium (see 
Fig.  35.2 ) and in a more diffuse pattern in parake-
ratinized epithelium (Fig.  35.4 ). In nonkera-
tinized epithelium, few scattered keratohyaline 
granules can often be found in some specimens 
(Fig.  35.5 ) [ 2 ,  14 ]. However, some studies do not 
report on keratohyaline granules in nonkera-
tinized oral epithelium [ 15 ].

       Immunohistochemical and protein analyses of 
oral epithelia are scarce. Antibodies against pro-
fi laggrin/fi laggrin have shown the presence of 
these proteins in orthokeratinized and parakera-
tinized specimens (Fig.  35.6 ) [ 11 ,  15 – 18 ]. 
However, in nonkeratinized specimens, the pres-
ence of profi laggrin/fi laggrin is variably reported, 

as some studies show the presence of these pro-
teins in a weak and scattered pattern (Fig.  35.7 ) 
[ 11 ,  15 ,  16 ,  19 ], whereas others did not detect 
their presence [ 20 ]. The reported presence in non-
keratinized oral epithelia may be caused by a ten-
dency to hyperkeratinization caused by physical 
stimuli [ 15 ], as also suggested in an electron 
microscopic study [ 14 ]. This is in line with a 
study showing by RT-PCR that oral keratinocytes 
derived from smokers overexpressed fi laggrin 
compared to those from nonsmokers [ 21 ] and 
with a study showing immunoreactivity in organ-
otypic cultures exposed to khat but not in control 
organotypic samples [ 22 ].

    The supposed functions of fi laggrin, other 
than participating in the keratinization process, 
are in line with the presence in nonkeratinized 
epithelia; however, the weak and variable expres-
sion suggests that epithelial homeostasis can be 

  Fig. 35.4    Superfi cial part of normal parakeratinized 
human gingival epithelium showing scattered keratohya-
line granules in few cells immediately beneath the corni-
fi ed layer       

  Fig. 35.5    Superfi cial part of normal nonkeratinized 
human buccal epithelium showing very few scattered ker-
atohyaline granules       
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achieved without the presence of profi laggrin/
fi laggrin. In diseased states    characterized by 
hyperkeratosis (keratinization of the normally 
nonkeratinized buccal mucosa) such as hyperke-
ratinized irritational hyperplasias (“fi bromas”), 
leukoplakia and lichen planus, keratin expression 
is induced in a pattern comparable to the normal 
expression in palatal epithelium [ 11 ,  17 ,  20 ].  

35.6     A Role for Filaggrin in Oral 
Contact Allergic Lesions? 

 Preliminary results of recent studies indicate that 
fi laggrin may play a role in relation to the devel-
opment of contact allergy (Pedersen and Reibel, 
unpublished data). Contact allergic lesions in the 
oral cavity are often caused by dental materials 
such as amalgam, nickel, chromium, cobalt, or 
composite but also by additives used in dental 
hygiene products as well as in food substances. 
The clinical manifestations display large diver-
sity, ranging from localized lichenoid lesions, 
diffuse erythematous changes like stomatitis, 
swellings, and irritation of labial mucosa (chei-
litis) and gingiva, perioral dermatitis, vesicles, 
aphtae, and ulcers [ 23 ]. The symptoms may be an 
itching, burning, and/or stinging sensation in the 
oral mucosa, oral dryness, and taste disturbances. 
Itching, especially in the palate, usually occurs in 
the oral allergy syndrome, which is related to type 
I allergy. The symptoms, the clinical manifesta-
tions as well as the histopathological and immu-
nopathological manifestations, in oral contact 
allergy may be diffi cult to differentiate from those 
seen in oral mucosal diseases like oral lichen pla-
nus [ 23 ], pemphigus vulgaris, pemphigoid, dis-
coid lupus erythematosus, and oral    candidiasis. 
Diagnosis and treatment of these reactions, there-
fore, display a signifi cant challenge in the clinic. 

 The importance of fi laggrin in relation to main-
tain a normal barrier function in the epithelium 
has been substantiated in recent studies on genes 
coding for profi laggrin. Filaggrin gene ( FLG ) 
mutations may result in development of a num-
ber of cutaneous diseases like atopic dermatitis 
[ 24 ]. Similarly,  FLG  mutations may also play a 
role in development of oral lesions and oral con-
tact allergy. The integrity of the oral mucosa is 
mainly maintained by the structural components 

  Fig. 35.6    Normal orthokeratinized human palatal epithe-
lium stained with antibodies against profi laggrin as earlier 
described [ 11 ]. Dense staining of granular cell layer       

  Fig. 35.7    Normal nonkeratinized human buccal epithe-
lium stained with antibodies against profi laggrin as 
described earlier [ 11 ]. Scattered positive granules in the 
superfi cial part of the epithelium       
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of the epithelium, including the keratin fi laments. 
They comprise a coherent skeleton in the epithe-
lium that via binding to cell contacts terminally 
forms stratum corneum by interaction with fi lag-
grin, which functions as a matrix [ 25 ]. Filaggrin 
and its metabolites bind nickel, and it is possible 
that it also binds other metals and may also be of 
importance to the penetration and accumulation 
of amalgam and consequently infl uence the risk 
of allergy to amalgam. Along this line, the results 
of a recent study on mice (tails) suggest that the 
stratum corneum barrier can be weakened against 
penetration of particular small metal ions, e.g., 
Cr (chromium) (III), by fi laggrin defi ciency [ 26 ].     
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36.1            Introduction 

 The improved understanding of the fi laggrin path-
way and the secondary and tertiary consequences 
of dysfunction on skin barrier homeostasis have 
revealed several potential targets for future novel 
treatments. Superior to them all is enhancement 
or replacement of the missing components pro-fi l-
aggrin, fi laggrin, and natural moisturizing factors 
(NMFs). A large spectrum of cutaneous and non-
cutaneous diseases is associated with the fi lag-
grin gene ( FLG ) mutations, which hold potential 
for wide applicability for any new drug targeting 
fi laggrin or other parts of the fi laggrin cascade. 
There are reasons to be optimistic that such drugs 
can be used both to control disease and also for 
primary prevention. Non-pharmacological inter-
vention should be directed against minimizing 
or avoiding exposure to environmental dangers 
known to deteriorate the skin barrier or cause 
secondary disease, which may have detrimental 
effects on already vulnerable skin. 

 This chapter focuses on targets for future novel 
treatments, promising new candidate drugs and 
their relation to the individual components of the 
fi laggrin pathway. A discussion on current avail-
able treatments and their ability to restore the skin 
barrier is also provided as well as the applicabil-
ity of fi laggrin pathway-targeting therapeutics in 
relation to disease spectrum, primary and sec-
ondary intervention, and personalized treatment 
strategies. Finally, an overview of other important 
non-pharmacological interventions that form the 
basis for counseling strategies is given.  
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36.2     Therapeutics: Restoring 
the Skin Barrier 

 It is important to understand the properties and 
functions of the various components in the fi lag-
grin pathway and the secondary and tertiary con-
sequences of dysfunction, in order to fully 
appreciate the effects of current treatments and 
potential targets for future novel treatments relat-
ing to fi laggrin. The fi laggrin pathway is briefl y 
summarized below. Properties and functions of 
the individual components are summarized in 
Table  36.1  and consequences of dysfunction 
summarized in Table  36.2 .

    Processing of pro-fi laggrin via fi laggrin into 
NMFs constitutes the fi laggrin pathway. Pro- fi laggrin 
is a large polyprotein consisting of an N-terminal 
domain with calcium-binding and nucleus-hom-
ing properties, 10–12 fi laggrin repeats with kera-
tin-binding properties, and a C-terminal domain 

essential for further processing of  pro- fi laggrin [ 1 ]. 
Pro-fi laggrin is involved in enucleation of keratino-
cytes important for the cornifi cation of the epider-
mis [ 2 ] and may play a role in proper lamellar body 
loading and secretion important for a well-organized 
extracellular lipid lamellar bilayer and proper func-
tioning antimicrobial defense. Lamellar bodies con-
tain lipid precursors, lipid-processing antibodies, 
and antimicrobial peptides [ 3 ]. 

 Filaggrin monomers are produced by dephos-
phorylation and proteolysis of the pro-fi laggrin 
molecule. Filaggrin acts as a keratin fi lament 
aggregator necessary for the intracellular cyto-
skeleton formation. The cytoskeleton collapses 
the cells of the epidermis into the well-known 
fl attened appearance of the stratum corneum [ 2 ] 
and acts as a scaffold for the extracellular lamel-
lar bilayers [ 3 ]. 

 Subsequent proteolysis and    deiminition of the 
fi laggrin monomers produce free amino acids and 

   Table 36.1    Properties and function of the individual components in the fi laggrin pathway   

 Pro-fi laggrin  Filaggrin  Natural moisturizing factor 

 Cornifi cation of the 
epidermis by enucleation 
of keratinocytes and 
calcium-binding properties 

 Cytoskeleton formation by 
aggregation of keratin 
fi laments 

 Maintenance of skin hydration by osmolytic retention of 
water 

 Proper lamellar body 
loading and secretion 
important for lamellar 
bilayer formation, skin 
cohesion, and 
antimicrobial defense 

 Disruption of the nucleus 
and nuclear envelope 

 Maintenance of proper antimicrobial activity by 
acidifi cation of the skin surface and secondary to proper 
lipid metabolism 

 Scaffold for extracellular 
lipid lamellar bilayers 

 Maintenance of proper skin lipid metabolism via skin 
pH-regulatory effects on enzyme activity 
 Maintenance of proper skin cohesion via skin 
pH-regulatory effects on enzyme activity 
 Immunomodulating effects via skin pH-regulatory 
effects on enzyme activity 
 Direct photo-protective functions by trans/cis conversion 
of urocanic acid 

    Table 36.2    Abnormalities observed in  FLG -defi cient dysfunctional skin   

 Skin architecture  Extracellular lipid phase skin lipid profi le  Skin cohesion 

 Disorganization of keratin fi laments and the 
intracellular cytoskeleton 

 Abnormal extracellular lipid lamellar bilayer 
organization 

 Reduced 
corneodesmosome 
density 

 Reduced levels of fi laggrin  Abnormal extracellular lipid lamellar bilayer 
distribution 

 Reduced tight 
junction formation 

 Reduced levels of natural moisturizing 
factors 

 Abnormal extracellular lamellar bilayer 
maturation 

 Paucity of keratohyalin granules  Abnormal skin lipid composition 
 Paucity of cell layers of stratum granulosum  Impaired loading of intracellular lamellar bodies 
 Parakeratosis and hyperkeratosis  Inhomogeneous secretion of intracellular 

lamellar bodies 
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derivatives hereof, the so-called NMFs [ 4 ]. NMFs 
maintain skin hydration by osmolytic effects and 
stabilize skin pH important for proper antimicro-
bial barrier function, skin cohesion, immunomodu-
lation, and skin lipid metabolism via pH-regulatory 
effects of enzyme activity and protect the epider-
mis against UV-induced DNA damage via cis/trans 
conversion of urocanic acid (UCA) [ 5 – 9 ]. 

 When the fi laggrin pathway is upset, dis-
turbances in skin architecture [ 5 ,  10 – 12 ], skin 
cohesion [ 12 ], and lipid processing and extra-
cellular lipid phase [ 5 ,  7 ,  12 – 14 ] are noticed 
(see Table  36.2 ). These secondary events are 
highly intercorrelated, illustrated in Fig.  36.1 . 
Ultimately, the skin barrier is impaired, 
 displaying disturbances in biophysical proper-
ties, e.g., alkaline pH [ 10 ,  15 ,  16 ], reduced skin 
hydration [ 15 ], increased permeability [ 14 ,  16 ], 
and increased transepidermal water loss (TEWL) 
both at baseline [ 11 ,  15 ,  16 ] and aggravated 
under compromised conditions [ 13 ,  15 ]. Dry 
skin [ 17 ], infl ammation [ 14 ,  18 ], and, ultimately, 
clinical disease are the tertiary consequences.

   Evidently, the optimal treatment scope in 
fi laggrin- defi cient individuals is to restore the 
skin barrier. This may theoretically be achieved 
by targeting the missing components, targeting 
the secondary abnormalities, or addressing the 
tertiary infl ammation. Potential targets and level 
of intervention are illustrated in Table  36.3 . How 
this relates to and is achieved by current treat-
ments or possibly can be achieved by future novel 
treatments is discussed below, along with 
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  Fig. 36.1    The dysfunctional fi laggrin cascade and intercorrelations.  Pro-fi laggrin  pro-fi laggrin,  NMF  natural moistur-
izing factor,  SC  stratum corneum,  TEWL  transepidermal water loss       

    Table 36.3    Potential targets for future novel treatments   

 Level of 
intervention  Targets 

 Primary  Enhancement of pro-fi laggrin 
processing 
 Enhancement or Replacement of 
fi laggrin 
 Replacement of natural moisturizing 
factors 

 Secondary  Restoring extracellular skin lipid profi le 
 Restoring skin pH levels 
 Restoring skin hydration 

 Tertiary  Controlling infl ammation 
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 promising new candidate drugs and their relation 
to the specifi c components of the fi laggrin path-
way mentioned above.

36.2.1       Current Treatments 

 Current treatments within the fi eld of dermatitis 
and ichthyosis consist of anti-infl ammatory and 
immunosuppressive pharmaceuticals, modulators 
of keratinocyte differentiation, keratolytic agents 
as well as basic treatment with emollients with and 
without humectants. None of these treatments were 
designed to enhance or substitute missing parts of 
the fi laggrin pathway or specifi cally target the sec-
ondary abnormalities except for humectants. 
However, in the case of topical glucocorticoids and 
calcineurin inhibitors a normalization of fi laggrin 
levels have been noticed upon treatment [ 19 ,  20 ] 
probably by means of a secondary effect related to 
suppression of infl ammation. Infl ammation in 
itself causes functional fi laggrin defi ciency [ 21 ]. 
Intensifi ed treatment with current available anti-
infl ammatory drugs would be one therapeutic strat-
egy in order to try to restore the skin barrier and 
control skin disease in fi laggrin-defi cient individu-
als where infl ammation is present. 

 There is, however, is evidence of reduced effect 
of the current available treatments in individuals 
with  FLG  mutations compared to wild- type indi-
viduals, [ 22 ]. In particular, atopic dermatitis (AD) 
patients carrying the R501X mutation were two 
times more likely to use topical steroids and the 
least responsive to therapy [ 22 ]. Additional pro-
spective studies assessing treatment outcome in 
 FLG  mutation carriers are ongoing (  http://
ClinicalTrials.gov/show/NCT01689805     and 
  http://ClinicalTrials.gov/show/NCT01569906    ). 
Topical glucocorticoids and calcineurin inhibitors 
impair epidermal differentiation by a reduced 
expression of epidermal differentiation proteins 
[ 20 ,  23 ], by decreased epidermal lipid synthesis, 
by decreased density and secretion of intracellular 
lamellar bodies [ 23 ,  24 ], and by decreased density 
of corneodesmosomes and tight junction proteins 
[ 25 ]. Keratolytic agents and retinoids (modula-
tors of skin differentiation) worsen skin permea-
bility objectifi ed by increased levels of TEWL 
[ 26 ,  27 ]. Finally, non-physiological emollients 

with and without humectants have a variable 
effect on skin barrier with some moisturizers 
showing no effect or a deteoriation in TEWL, pH 
and skin capacitance in healthy skin and ichthyo-
sis skin [ 28 ]. The molecular mechanisms behind 
these observations are not fully understood. Skin 
integrity, cohesion, lipid profi le, and skin permea-
bility are already affected in FLG-defi cient indi-
viduals. A further deterioration caused by current 
treatments may explain the reduced effi cacy of 
these drugs in fi laggrin-defi cient individuals. 
Development of new treatments is therefore 
warranted.  

36.2.2     Future Novel Treatments 

 Targets for future novel treatments may be subdi-
vided into three areas based on whether they tar-
get primary, secondary, or tertiary events in the 
fi laggrin cascade (see Table  36.3 ). The most 
obvious target – and superior to them all – is 
enhancement or replacement of the missing parts: 
pro-fi laggrin, fi laggrin, and NMFs. This may 
potentially correct all of the underlying second-
ary defects caused by fi laggrin defi ciency. 
Another approach would be to correct the sec-
ondary imbalances, e.g., skin lipid organization 
and composition, skin pH, and skin hydration, 
and the consequential infl ammation in a more 
specifi c manner than achieved by the current 
available drugs. Treatments targeting the second-
ary or tertiary events may be benefi cial in indi-
viduals, where fi laggrin defi ciency is secondary 
to infl ammation or abnormal processing of pro- 
fi laggrin and fi laggrin. 

 Studies on candidate drugs are still prelimi-
nary. Very few studies have been performed in 
humans and, in these cases, primarily in healthy 
skin. Studies performed in diseased skin are, in 
most cases, based on individuals with AD with-
out assessing their  FLG  mutation carrier status. 
The majority of studies are, however, in vitro and 
animal studies. Data from monolayer keratino-
cyte in vitro studies cannot be extrapolated to 
human conditions, and data from animal studies 
may be rodent specifi c. Data from AD individu-
als and data generated from studies in healthy 
skin cannot necessarily be extrapolated to 
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fi laggrin- defi cient skin. Further research into 
candidate drugs, testing their effi cacy and safety 
in fi laggrin-defi cient skin, is highly warranted.  

36.2.3     Filaggrin Enhancement 
and Replacement 

 Data from a fi laggrin copy number variation 
study indicate that even a small increase in fi lag-
grin level by around 5–10 % substantially reduces 
the risk of AD [ 29 ]. To support this, genotypic 
confi guration, fi laggrin protein levels, and phe-
notype expression are positively correlated in a 
dose-dependent manner [ 12 ,  16 ,  30 ]. There 
seems to be a lot to gain, if increased levels of 
fi laggrin can be achieved. 

 Ongoing research into identifying molecules 
with fi laggrin-enhancing properties is currently 
being performed. Candidates may be peroxisome 
proliferators and antimicrobial peptides.  FLG  
mutation heterozygous individuals, but not homo-
zygous individuals, may benefi t from such thera-
peutics. Heterozygous individuals possess one 
wild-type allele that potentially can be upregulated 
to produce more fi laggrin to compensate for the 
defective allele. However, some heterozygous indi-
viduals already express normal levels of fi laggrin 
despite having one mutated allele [ 21 ]. It remains 
to be determined whether a fi laggrin overexpres-
sion can be reached in heterozygous individuals. 

 Peroxisome proliferator-activated receptors 
(PPARs) are nuclear hormone receptors activated 
by endogenous lipids. Topical peroxisome 
proliferator- activated receptor-β/δ agonists 
(GW1514), PPAR-α agonists (clofi brate, docosa-
hexaenoic acid, and WY-14,643), and PPAR-γ 
agonists (ciglitazone and troglitazone) all stimulate 
fi laggrin production and keratinocyte differentia-
tion in vitro and in mice [ 31 – 33 ]. PPAR-β/δ ago-
nists also induce keratinocyte differentiation in 
animal models with abnormal epidermis, suggest-
ing that they may be benefi cial in diseases with 
dysfunctional differentiation. In addition to increas-
ing fi laggrin levels, PPAR-β/δ agonists exhibit an 
anti-infl ammatory effect exceeding the effect of 
topical glucocorticoids, whereas PPAR-γ agonists 
reduce infl ammation with an effect comparable to 
clobetasol [ 33 ]. An increase in epidermal lipids 

may potentially also be reached by topical applica-
tion of PPAR-α (WY14643), PPAR-δ (GW1514), 
and PPAR-γ (ciglitazone) agonists [ 34 ]. On the 
downside, PPAR agonists exhibit antiproliferative 
properties and induce apoptosis in varying degrees 
[ 31 – 33 ]. Thiazolidinediones (PPAR-γ agonists) are 
already used in diabetes treatment. An effi cacy 
study of docosahexaenoic acid, a PPAR-α agonist, 
on skin hydration and skin barrier in humans is cur-
rently performed (  http://ClinicalTrials.gov/show/
NCT01305057    ). 

 Studies on other candidate drugs with upregu-
latory effects on fi laggrin expression have been 
published. For each candidate drug, only single 
studies have yet assessed their effi cacy by means 
of either in vitro or animal models. These studies 
need to be replicated. The candidates include 
sericin-rich diets (animal study) [ 35 ]; apigenin, 
an active constituent in chrysanthemum (in vitro 
study) [ 36 ]; interferon-γ (in vitro study) [ 21 ]; 
hyaluronic acid; and bacterial antimicrobial pep-
tide plantaricin A (in vitro study) [ 37 ]. Urea, a 
well-known humectant, also possesses fi laggrin 
upregulatory effects and may prove more versa-
tile than previously assumed [ 38 ]. 

 All known  FLG  mutations are null mutations 
resulting in a truncated pro-fi laggrin molecule 
[ 39 ] that cannot be further processed. Mutant 
mRNA is degraded by the nonsense-mediated 
decay (NMD) pathway [ 40 ]. If degradation of 
mutant mRNA can be stopped, drugs able to read 
through the nonsense mutations could potentially 
restore protein levels. Both  FLG  mutation homo-
zygous and heterozygous individuals may benefi t 
from such treatment. Read-through could be 
achieved either by skipping of the nonsense-
mutation- containing exon during RNA splicing or 
by incorporation of amino acids at the mutation 
site. Certain kinds of drugs are known to let cells 
read through nonsense mutations. These include 
aminoglycoside members gentamicin, G418 
(Geneticin), amikacin, PTC124 (Ataluren), the 
antibiotic negamycin [ 41 ,  42 ], and the recently 
reported drug amlexanox [ 43 ]. Read- through 
drugs are currently studied in in vitro studies and 
in clinical trials for other genetic diseases (e.g., 
cystic fi brosis, Duchenne muscular dystrophy, 
coagulation factor defi ciencies) and for cancer 
therapy [ 41 ,  42 ,  43 ,  45 ] with promising results. 
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 Several factors need to be considered before 
such drugs can go into clinical trials. First of all, 
aminoglycosides have a narrow therapeutic 
index. Second, the effi cacy of the same read-
through- inducing molecule varies, depending on 
the stop codon [ 41 ,  46 ] present and on the nucle-
otide context upstream and downstream from the 
stop codon [ 41 ,  46 ], creating potential for large 
interindividual variability in effi cacy. Finally, 
limited amounts of mutant mRNA may decrease 
read-through effi ciency. Candidates should pos-
sess both NMD inhibitory and read-through- 
inducing properties. The development of 
read-through drugs for the treatment of ichthyo-
sis vulgaris and atopic conditions is patented.  

36.2.4     Replacement of NMFs 

 The pool of NMFs consists of fi laggrin degrada-
tion products (e.g., free amino acids, pyrrolidone 
carboxylic acid, and UCA) but also of non-
fi laggrin- derived inorganic salts, lactate, and urea 
[ 4 ]. NMFs regulate skin hydration, and fi laggrin- 
defi cient skin shows both reduced levels of NMFs 
and reduced skin hydration [ 11 ]. Replacement by 
topical application constitutes the second poten-
tial target for future novel treatments. 

 Two studies have studied the effects of topi-
cally applied NMFs on xerosis. Unfortunately, 
 FLG  mutation carrier status was not determined in 
the trial subjects in either one of the studies. In the 
fi rst study [ 47 ], two topical formulations were 
examined containing the active ingredients glyc-
eryl glucoside, NMFs, and ceramide, and, there-
fore, not NMFs alone. They differed in the vehicle 
ingredients. Improvement in skin hydration 
assessed by corneometry and in TEWL was noted 
when the topical formulations with the active 
ingredients were compared to control skin, but not 
when compared to a vehicle formulation supple-
mented with urea, sodium lactate, and lactic acid. 
Urea and lactate are known humectants utilized in 
currently available emollients. It remains to be 
determined whether the addition of fi laggrin-
derived NMFs to topical formulations shows an 
additional benefi cial moisturizing effect compared 
to urea- and lactate-containing formulations. In the 

second study, application of pyrrolidone acid on 
human skin did not show any effect on skin hydra-
tion even with a fi vefold increase in concentration 
[ 48 ]. Topically applied UCA has only been 
assessed in relation to photo- protection and immu-
nosuppression [ 49 ,  50 ].  

36.2.5     Restoring Skin Lipid Profi le 

 The extracellular lipid phase in normal skin is 
comprised of three key lipids: ceramides, choles-
terol, and fatty acids arranged in lamellar bilayers 
[ 8 ]. Only very few studies have studied the extra-
cellular lipid phase in fi laggrin-defi cient skin 
with somewhat divergent results. The overall 
quantities of lamellar bilayers seem normal; 
however, the bilayers are inhomogeneous, dis-
tributed with areas of non-lamellar, electron- 
dense material and areas of incompletely 
processed lamellar material dispersed between 
areas with mature lamellar bilayers [ 12 ]. 
Increased levels of cholesterol, decreased levels 
of triglycerides, normal levels of free fatty acids, 
and normal total levels of ceramides but reduced 
amounts of the ceramide subtype CER(EOH) 
were noted in one study [ 13 ]. Another study did 
not fi nd any difference in CER(EOH) or choles-
terol levels [ 11 ]. It has repeatedly been shown 
both in humans and in mice that the increased 
skin permeability in fi laggrin-defi cient skin 
occurs via a paracellular route [ 12 ,  14 ]. 
Therapeutics restoring the extracellular lipid 
phase to normal or near-normal conditions may 
prove very important. Emollients containing 
physiological lipids (ceramides, cholesterol, and 
free fatty acids) are possible candidates. 

 Current emollients with nonphysiological lip-
ids do not restore the extracellular lipid phase. 
They work via simple occlusion without any 
infl uence on endogenous lipid synthesis. They 
are not intracellularly processed but disperse into 
the extracellular phase of the stratum corneum, 
creating a non-lamellar hydrophobic phase split-
ting lamellae into clefts with bulks of hydro-
phobic amorphous material [ 51 ]. Physiological 
lipids, on the other hand, penetrate both intact 
and disturbed stratum corneum and are taken 
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up by the nucleated cell layers of the epidermis, 
incorporated into lamellar bodies, and secreted 
along endogenous lipids into the extracellular 
space, restoring the lamellar bilayers [ 51 – 53 ]. 

 Several emollients containing physiological 
lipids have been assessed in animals and humans 
with AD, where they perform superiorly to non-
physiological lipids on TEWL measurements 
[ 51 ] and perform equally well as moderate-potent 
TCS and topical calcineurin inhibitors on disease 
severity scores and biophysical parameters [ 54 , 
 55 ]. They have not been assessed in  FLG  muta-
tion carriers. 

 Several factors need to be addressed concern-
ing physiological lipids. There seems to be a nar-
row range of molar ratios wherein physiological 
lipids improve skin barrier [ 53 ]; furthermore, the 
chosen mixture of lipids (e.g., identity of lipids 
[ 53 ], absolute quantities, and type of skin assessed 
[ 52 ,  53 ,  56 ]) is not unimportant. Application 
of only ceramides, fatty acids, or cholesterol 
impedes barrier repair [ 52 ], whereas equimolar 
ratios of ceramides, fatty acids, and cholesterol 
in the same mix allow normal skin recovery [ 52 , 
 52 ]. It is crucial to understand the lipid changes 
in fi laggrin-defi cient skin and to test various mix-
tures of physiological lipids (type of lipids, rela-
tive and absolute quantities) in fi laggrin- defi cient 
individuals in future research.  

36.2.6     Superacidifi cation: 
Restoring Skin pH 

 Skin pH is increased in fi laggrin-defi cient skin 
[ 10 ,  15 ,  16 ]. Neutral to alkaline pH increases ser-
ine protease activity that accelerates degradation 
of corneodesmosomes and deactivates lipid-pro-
cessing enzymes [ 57 ]. Increased serine protease 
activity also directly stimulates the release of pro-
infl ammatory cytokines IL-1α and β [ 8 ,  10 ] and 
reduces antimicrobial activity [ 9 ]. Acidifi cation 
of the skin may counteract the secondary abnor-
malities caused by elevated skin pH in fi laggrin-
defi cient skin. Superacidifi cation of murine skin 
improves barrier homeostasis [ 58 ] without induc-
tion of infl ammation. On the  contrary, treating 
healthy humans with creams of different pH val-

ues (respectively, 4.0 and 7.5) did not result in any 
pH-related differences in TEWL, blood fl ow, or 
skin capacitance [ 59 ]. The divergent results may 
be the result of use of different acids with varying 
effect on skin barrier, varying bioavailability, and 
lack of compatibility between the models studied. 
Whether or not acidifi cation of the skin leads to 
barrier improvement in fi laggrin- defi cient human 
skin has not been investigated and remains to be 
determined.  

36.2.7     Cytokine and Infl ammation 
Control 

 Several cytokines downregulate both mRNA and 
protein levels of fi laggrin along other keratino-
cyte differentiation markers in in vitro studies. 
These include the Th2 cytokines IL-4 and IL-13 
[ 21 ], IL-25 produced by eosinophils, basophils 
and dendritic cells [ 60 ], and IL-22 produced by 
Th17 and Th22 cells [ 61 ]. Cytokine-antagonizing 
drugs rather than a general anti-infl ammatory 
effect exhibited by current treatments may be a 
target for future treatments. 

 Dupilumab is an IL-4 receptor (IL-4R)α 
mutein that blocks the IL-4Rα subunit involved 
in the signaling pathways of both IL-4 and IL-13. 
Data from a phase 1B study in AD was recently 
released (dupilumab, Sanofi /Regeneron) and 
showed promising improvement in global assess-
ment and severity scores after 4 weeks of treat-
ment [ 62 ]. Unfortunately, no data on  FLG  
mutation carrier status in the AD test subjects 
were presented. Another IL-4Rα mutein, 
Pitrakinra by Bayer, is also currently investi-
gated. Preliminary results from a phase II clinical 
trial in patients with AD showed reduced levels 
of skin infl ammation [ 63 ]. A third IL-4R mutein, 
Aeroderm, did not, however, improve disease 
severity scores compared with placebo but 
reduced the level of eczema exacerbation [ 64 ]. 
Previous testing of anti-IL-13 did not achieve any 
effect on fi laggrin [ 65 ]. 

 Other possible targets may be IL-17 and the 
IL-1 receptor (IL-1R). Infl ammation in fi laggrin- 
defi cient mice is dominated by Th17 cells [ 18 ], 
and the pro-infl ammatory cytokines IL-1α and β 
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and IL-1R are increased in both humans with 
 FLG  null mutations and in a murine model [ 10 ]. 
An interleukin-1 receptor antagonist, anakinra, is 
currently used in rheumatoid arthritis but has also 
been used off-label in AD [ 66 ]. Whether or not 
IL-1 blockade will have benefi cial or deleterious 
effects on the skin barrier in fi laggrin-defi cient 
skin remains to be determined.  

36.2.8     Additional Targets 

 Inhibition of serine proteases is the fi nal possible 
target for future novel treatments. Serine protease 
activity is upregulated secondarily to an increased 
pH in fi laggrin-defi cient skin. One study treated 
patients with Netherton syndrome for 3 weeks 
with topically applied protease inhibitors. No 
effect compared with placebo could be docu-
mented [ 67 ]. Only fi ve subjects were included.   

36.3     Applicability of FLG 
Pathway-Directed 
Therapeutics 

36.3.1     Disease Spectrum 

 All diseases with affected fi laggrin levels may 
potentially benefi t from fi laggrin-enhancing ther-
apeutics. Four different mechanisms result in 
lack of fi laggrin: null mutations in the pro-FLG 
gene [ 38 ], functional defi ciency driven by infl am-
mation [ 21 ], reduced levels due to low intragenic 
copy number [ 27 ], or by means of genetic or 

infl ammation-driven variation in enzymes pro-
cessing pro-fi laggrin or fi laggrin [ 61 ,  68 ,  69 ]. 

  FLG  mutations are associated with a wide 
variety of relatively common cutaneous and non- 
cutaneous diseases and skin morphological fea-
tures. A full list is given in Table  36.4 . This large 
spectrum of diseases, combined with their rela-
tively high prevalences and the frequent occur-
rence of  FLG  mutations in the general population, 
holds potential for wide applicability for any new 
drug targeting the fi laggrin pathway.

   Diseases with defects in other proteins besides 
fi laggrin involved in the terminal differentiation 
or defects in lipid-processing enzymes may also 
benefi t from fi laggrin pathway-directed thera-
peutics. Such diseases result in secondary 
changes very similar to changes seen in fi laggrin- 
defi cient skin and present with ichthyotic pheno-
types [ 81 ,  82 ].  

36.3.2     Effi cacy and Individualized 
Medicine 

 Expectations of effi cacy of any new    fi laggrin- 
directed therapeutics should be attuned to the 
level of causality between the  FLG  mutations and 
the individual diseases, as this varies (see 
Table  36.4 ).  FLG  mutations are both causal, risk 
factors and modifi ers of disease. The greatest 
effect may be warranted for diseases in which fi l-
aggrin defi ciency is causal if fi laggrin levels can 
be restored completely. 

 Diseases in which  FLG  mutations act as 
cofactor may also require other interventions 

    Table 36.4    Diseases    associated with  FLG  null mutations   

 Level of 
causality 

 Diseases 

 Cutaneous diseases  Non-cutaneous diseases  Skin morphological features 

 Causal  Ichthyosis vulgaris [ 28 ] 
 Cofactor  Atopic dermatitis (AD) [ 68 ]  Asthma in combination with AD [ 69 ]  Keratosis pilaris [ 28 ,  70 ] 

 Nickel allergy [ 71 ]  Allergic rhinitis [ 69 ]  Palmar hyperlinearity [ 28 ,  70 ] 
 Eczema herpeticum [ 72 ]  Aeroallergen sensitization [ 69 ]  Dry skin [ 17 ] 
 Staphylococcal skin infection [ 70 ]  Peanut allergy [ 73 ]  Fissured skin [ 74 ] 
 Hand eczema [ 75 ,  76 ] 
 Irritant contact dermatitis [ 75 ,  77 ] 
 Allergic contact dermatitis in 
combination with AD [ 78 ] 
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besides fi laggrin-directed therapeutics in order to 
fi rmly control disease. AD is the model disease. 
The underlying pathogenesis is a complex inter-
play between a dysfunctional skin barrier and 
abnormalities relating to infl ammation and the 
immune system [ 83 ]. Both environmental and 
genetic predisposing factors are involved in the 
etiology of disease [ 83 ]. Only 15 % of individu-
als with mild to moderate AD and 30–50 % with 
moderate to severe disease have  FLG  mutations 
[ 84 ,  85 ], leaving 50 % or more still experiencing 
disease despite possessing a wild-type genotype. 
 FLG  mutations are the single most important 
genetic factor for the development of this dis-
ease; however, the etiological fraction only 
amounts to 12–15 % [ 84 ], and 33 other polymor-
phisms in genes associated with either the 
 epidermal skin barrier or the immune system 
have been linked to AD [ 86 ]. It is obvious that 
case selection is vital for upmost effect of any 
fi laggrin- directed therapeutics in diseases with a 
multifactorial etiology.  

36.3.3     Primary Intervention 

 An impaired skin barrier can be detected as early 
as 3 months of age in humans carrying  FLG  
mutations, prior to any clinical infl ammation 
[ 87 ]. If the skin barrier can be restored at this 
point in time, there are reasons to be optimistic 
that early intervention can prevent disease. 
Preventive studies utilizing petrolatum-based 
emollient therapy in preterm infants and in chil-
dren predisposed to atopic disease point toward a 
protective effect with reductions in the incidence 
of clinical disease [ 87 ,  89 ]. None of these studies, 
however, assessed the protective effect of emol-
lient therapy in  FLG  mutation carriers. Even non- 
cutaneous allergic diseases involved in the atopic 
march may be prevented by primary intervention; 
the suspected mechanism is discussed in detail 
below. 

 Prospective studies on preventive effects of 
therapy in fi laggrin-defi cient individuals are war-
ranted and on their way. These include the UK 
and US BEEP study treating children with sun-
fl ower oil, Aquaphor ointment, or Cetaphil cream 

(  www.beepstudy.org     and   http://ClinicalTrials.
gov/show/NCT01142999    ); a Finnish study treat-
ing infants with Lipikar Balm AP (  http://
ClinicalTrials.gov/show/NCT01577628    ); and a 
study examining the effect of EpiCeram, an 
FDA-approved emollient containing the physio-
logical lipids ceramides, cholesterol, and free 
fatty acids in a 3:1:1 molar ratio in an acidic for-
mulation (pH 5.0) [ 90 ]. The initial studies on 
EpiCeram in newborns proved its safety [ 90 ].   

36.4     Other Interventions 

 An intact skin barrier provides excellent protec-
tion against penetration of exogenous agents. 
Conversely, when it is impaired, the increased 
permeability increases the risk of allergen and 
microbial penetration and secondary disease. 
Additionally, several factors are known to deteri-
orate the skin barrier, which may have detrimen-
tal effects on already vulnerable skin. These 
dangers represent important targets for non- 
pharmacological intervention in patients inher-
ently predisposed to a defective skin barrier and 
are discussed in detail below. An overview is 
given in Table  36.5 .

36.4.1       Allergen Avoidance 

  FLG  mutation carriers have an increased risk of 
allergic diseases (e.g., type I sensitizations [aeroal-
lergens and food allergies], allergic rhinitis, and 
asthma in combination with AD) [ 71 ,  84 ].  FLG  
mutation carriers also have an increased risk of 
nickel allergy and of type IV sensitizations to other 
chemicals besides nickel but only in individuals 
suffering from AD [ 73 ,  80 ]. Filaggrin is not 
expressed in nasal, bronchial, and likely only mod-
estly in esophageal mucosa [ 91 ,  92 ]. The link 
between  FLG  mutations and the non-cutaneous 
allergic diseases is believed to be sensitization via 
the skin because of enhanced cutaneous allergen 
penetration, enhanced cutaneous infl ammatory 
responses, and development of systemic infl am-
matory responses upon topical application of pro-
tein allergens [ 14 ,  18 ]. The hypothesis is supported 
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by the fi ndings of a dose-dependent increased risk 
of peanut allergy in relation to cutaneous peanut 
exposure either by application of peanut oil to 
infl amed skin [ 93 ] or non-oral exposure to peanut- 
containing foods [ 94 ].  FLG  mutations are strongly 
associated with peanut allergy [ 75 ]. Enhanced 
cutaneous allergen penetration and enhanced cuta-
neous infl ammatory responses upon topical appli-
cation of chemical haptens have also been noted 
and explain the association with type IV sensitiza-
tions [ 14 ,  18 ]. Reducing excessive exposure to 
allergens and haptens known to cause type I and 
type IV sensitizations should be emphasized in 
any counseling.  

36.4.2     Irritant Avoidance 

 Filaggrin-defi cient murine skin shows decreased 
thresholds for development of irritant contact der-
matitis (ICD) [ 14 ], and  FLG  mutations are associ-
ated with both acute and chronic ICD [ 77 ,  79 ]. 
Mechanical and chemical barrier disruption 
reduces mRNA levels of fi laggrin [ 3 ], and soaking 
of the skin and exposure to solvents increases 
TEWL probably as a result of extraction of NMF 
components, since NMF application can reverse 
these fi ndings [ 95 ]. Skin surface pH is increased 

with regular use of conventional soaps and 
decreases again after the change to an acidic 
cleanser [ 8 ]. Most conventional soaps are alkaline. 

 Avoidance of irritants that can deteriorate an 
already inherently impaired skin barrier, both 
professionally and at home, should be empha-
sized in counseling of fi laggrin-defi cient indi-
viduals and considered in pre-employment 
counseling.  

36.4.3     Avoidance of Other Skin 
Barrier Stressors 

 Psychological stress may impair the skin barrier 
by means of inhibited lipid synthesis and secre-
tion, decreased density of corneodesmosomes, as 
well as decreased production of fi laggrin and 
other terminal differentiation-related proteins 
[ 96 ]. Cockroach and house dust mite allergens 
can aggravate permeability homeostasis and 
delay barrier recovery in murine skin via 
increased protease activity [ 97 ]. Finally, expo-
sure to reduced environmental humidity acceler-
ates TEWL [ 98 ]. Protection against psychological 
stress; cold, dry weather; air-conditioning; and 
house dust mites may be another focus for 
intervention.  

   Table 36.5    Non-pharmacological interventions in fi laggrin- defi cient individuals: basis for counseling strategies   

 Non-pharmacological 
interventions  Examples 

 Avoidance of excessive 
exposure to protein allergens 

 Avoiding topical application of food allergens 
 Avoiding cat ownership 
 Reducing house dust mite levels 

 Avoidance of excessive topical 
exposure to chemical haptens 

 Avoid use of nickel- containing jewelry and other personal items 
 Attention toward proper choice of consumer products and moisturizers 
 Use of preventive measures if excessively exposed occupationally 

 Avoidance of excessive topical 
exposure to irritants 

 Use of acidic cleansers rather than neutral or alkaline cleaners and soaps 
 Avoid frequent hand washing and frequent use of gloves 
 Use of preventive measures both at home and occupationally if excessively exposed 

 Avoidance of other skin 
barrier stressors 

 Minimize psychological stress 
 Use protective measures against cold, dry weather 
 Avoid air-conditioning 

 UV protection  Use of sunscreens 
 Use of physical UV barriers 
 Rational behavior when exposed to sun 

 Avoidance of tobacco smoking 
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36.4.4     UV Protection 

 Lack of fi laggrin increases UV sensitivity [ 5 ,  6 ]. 
UCA has direct photo-protective properties [ 5 ,  6 ] 
and is reduced in fi laggrin-defi cient skin [ 10 ,  11 ]. 
An increased risk of nonmelanoma skin cancer 
has been documented in AD [ 99 ] but has not been 
assessed in relation to  FLG  mutation carrier status. 
The reports on increased UV sensitivity should 
encourage individuals with fi laggrin mutations to 
rational UV protective behavior and encourage cli-
nicians to limit the use of UV treatments in FLG 
mutation carriers, if possible. The fi ndings should 
also be addressed in counseling settings.  

36.4.5     Intervening with  Gene- 
Environment Interactions 

 Cat ownership and tobacco smoking constitute 
an additional increased risk of, respectively, 
AD and asthma in  FLG  mutation carriers [ 100 , 
 101 ]. The positive association between cat own-
ership in combination with  FLG  mutations and 
AD was not associated with increased sensitiv-
ity rates. The effect may be mediated by other 
mechanisms. Regarding tobacco smoking, this 
risk succeeded the risk of asthma among tobacco 
smokers in general. Avoidance of cat owner-
ship seems to be another way to reduce the risk 
of development of AD in  FLG  mutation carri-
ers, and tobacco smoking should cease in order 
to eliminate the additional effect on the risk of 
asthma. Data on gene-environment interactions 
relating to  FLG  mutations are sparse. Additional 
relevant gene- environment interactions may be 
revealed in the future.  

36.4.6     Surveillance as Non- 
pharmacological Intervention 

 Awareness and surveillance of primary and sec-
ondary diseases are the fi nal non- pharmacological 
interventional strategies with the potential for 
early intervention and even prevention. 

 Patients with fi laggrin defi ciency have an 
approximately seven times increased risk of 

bacterial skin infection with the pathogen 
 Staphylococcus aureus  [ 72 ] and ten times 
increased risk of eczema herpeticum caused by 
the viral pathogen herpes simplex [ 74 ] compared 
to wild-type carriers. 

 Some subgroups of  FLG  mutation carriers seem 
to require special attention. Whereas one- third of 
all individuals with  FLG  mutations will develop 
asthma [ 100 ]; three-fourths of all individuals with 
 FLG  mutations  and  food sensitivity will develop 
asthma; but  all  individuals with  FLG  mutations, 
dermatitis, and food sensitivity within the fi rst 
3 years of life will develop asthma [ 102 ]. The risk 
of ICD is increased by AD and by  FLG  mutations 
independently by a factor of 2, whereas the combi-
nation of AD and  FLG  mutations causes a syner-
gistic effect on the risk of ICD (factor of ~5) [ 79 ].   

    Conclusion 

 Determination of  FLG  mutation carrier status 
is fundamental in order to identify this vulner-
able population and improve surveillance of 
primary and secondary diseases related to fi l-
aggrin defi ciency with the potential for early 
intervention and even prevention. Knowledge 
of  FLG  mutation carrier status also forms the 
basis for proper targeting of pharmacological 
and non- pharmacological interventions, per-
sonalized strategies, and counseling. 

 Patients genetically predisposed to a defec-
tive skin barrier should be warned against the 
increased risk of cutaneous and non-cutane-
ous diseases. Counseling should be directed at 
minimizing or avoiding exposure to agents 
known to deteriorate the skin barrier (e.g., irri-
tants, low humidity, and psychological stress). 
Excessive topical exposure to agents essential 
for development of allergic disease should 
also be avoided, and food derivate should not 
be applied to the skin. These dangers should 
also be taken into account in preemployment 
counseling of fi laggrin- defi cient individuals. 
Avoidance of unnecessary UV exposure 
should also be emphasized. Finally, advice to 
avoid factors that aggravate an already 
increased inherent risk of AD and asthma (cat 
ownership and tobacco smoking) should be 
given. 
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 The discoveries of  FLG  mutations and 
their pronounced impact on common skin dis-
eases have inspired researchers and led to a 
quickly expanding understanding of the fi lag-
grin pathway and skin barrier homeostasis. 
These scientifi c breakthroughs have revealed 
several potential targets for future therapy, and 
intensive research into promising candidate 
drugs is currently being conducted. These are 
reasons for optimism for better disease control 
in the future. Furthermore, primary prevention 
seems plausible.     
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