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1.	
  Summary	
  
IL-­‐17	
  and	
  IL-­‐22	
  are	
  so	
  called	
  signature	
  cytokines	
  of	
  T	
  helper	
  (Th)	
  17	
  and	
  Th22	
  

cells	
  and	
  link	
  adaptive	
  and	
  innate	
  immune	
  responses	
  via	
  modulation	
  of	
  epithelial	
  

cell	
   functions.	
   In	
   the	
   present	
   thesis,	
   I	
   could	
   demonstrate	
   that	
   the	
   function	
   of	
  

Interleukin	
   (IL)-­‐17	
   and	
   IL-­‐22	
   depends	
   from	
   a	
   local,	
   inflammatory	
  

microenvironment	
  in	
  the	
  tissue.	
  	
  

	
  

The	
   effects	
   of	
   IL-­‐17	
   and	
   IL-­‐22	
   often	
   overlap	
   or	
   synergize	
   in	
   the	
   instruction	
   of	
  

epithelial	
  cells	
  in	
  defense	
  against	
  pathogens.	
  However,	
  besides	
  promoting	
  innate	
  

immune	
  responses,	
   IL-­‐17	
  and	
   IL-­‐22	
  also	
  show	
  distinct	
   functions.	
   IL-­‐17	
   induces	
  

the	
   expression	
   of	
   pro-­‐inflammatory	
   mediators	
   and	
   tissue	
   damage	
   in	
   the	
  

epithelium,	
  while	
   IL-­‐22	
   limits	
  T	
   cell-­‐mediated	
   epithelial	
   damage	
   and	
  promotes	
  

tissue	
  regeneration.	
  	
  

	
  

This	
  thesis	
  clearly	
  demonstrates	
  that	
  the	
  contribution	
  of	
  IL-­‐17	
  and	
  IL-­‐22	
  to	
  the	
  

outcome	
  of	
  human	
  diseases	
  depends	
  from	
  the	
  inflammatory	
  environment	
  in	
  the	
  

tissue.	
  Here,	
  IL-­‐17	
  amplifies	
  Th1	
  mediated	
  immune	
  responses	
  in	
  the	
  epithelium	
  

while	
   its’	
   effects	
   are	
   inhibited	
   by	
   a	
   Th2	
   dominated	
   environment.	
   This	
  

ambivalence	
   influences	
   the	
   outcome	
   of	
   allergic	
   contact	
   dermatitis	
   (ACD)	
   and	
  

atopic	
  eczema	
  (AE).	
  Similarly,	
   IL-­‐22	
  reinforces	
  TNF-­‐α	
  mediated	
   innate	
   immune	
  

responses,	
   but	
   inhibits	
   pro-­‐inflammatory	
   effects	
   of	
   IFN-­‐γ	
   on	
   the	
   epithelium	
  

showing	
   an	
   overall	
   tissue	
   protective	
   function	
   of	
   IL-­‐22.	
   Depending	
   from	
   the	
  

inflammatory	
   environment	
   in	
   which	
   it	
   is	
   expressed,	
   IL-­‐22	
   might	
   turn	
  

pathological.	
  This	
  could	
  be	
  the	
  case	
  in	
  diseases	
  characterized	
  by	
  an	
  exaggerated	
  

proliferation	
   of	
   epithelial	
   cells	
   such	
   as	
   psoriasis,	
   cystic	
   fibrosis,	
   and	
   asthma.	
  

Therefore,	
  patients	
  affected	
  by	
  chronic	
  remodeling	
  disorders	
  could	
  benefit	
  from	
  

a	
  therapeutic	
  targeting	
  of	
  IL-­‐22.	
  

	
  

Besides	
  Th17	
  and	
  Th22	
  cells,	
  other	
  T	
  cell	
  subsets	
  such	
  as	
  Th1/IL-­‐17,	
  Th2/IL-­‐17,	
  

and	
   Th1/IL-­‐22	
   produce	
   IL-­‐17	
   and/or	
   IL-­‐22	
   could	
   be	
   defined.	
   These	
   T	
   cell	
  

subpopulations	
   co-­‐produce	
   more	
   than	
   one	
   signature	
   cytokine	
   together.	
  

Synergistic	
   and	
   antagonistic	
   effects	
   of	
   these	
   cytokines	
   in	
   the	
   epithelium	
  

determine	
   the	
   overall	
   “unique	
   tissue	
   signature”	
   of	
   a	
   T	
   cell	
   subset.	
   The	
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composition	
   and	
   relevance	
   of	
   these	
   subtypes	
   is	
   different	
   depending	
   from	
   the	
  

disease	
  investigated.	
  	
  

	
  

Influencing	
   the	
   local	
   tissue	
  microenvironment	
  of	
  complex	
  diseases,	
   rather	
   than	
  

targeting	
   single	
   T	
   cell	
   subsets	
   or	
   single	
   cytokines,	
   could	
   promote	
   the	
  

development	
  of	
  more	
  efficient	
  therapeutical	
  approaches.	
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2.	
  General	
  Introduction	
  
	
  

Innate	
   and	
   adaptive	
   immune	
   responses	
   are	
   two	
   distinct	
   defense	
   mechanisms	
  

against	
   pathogen	
   invasion.	
   The	
   innate	
   immune	
   system	
   immediately	
   reacts	
   to	
  

invading	
  microbes	
   in	
   an	
   invariant	
  manner	
   and	
  with	
  mechanisms	
   that	
   are	
   pre-­‐

existent	
   to	
   the	
   infection.	
   The	
   epithelial	
   barrier,	
   phagocytic	
   cells	
   such	
   as	
  

macrophages	
   and	
  neutrophils,	
   innate	
   lymphoid	
   cells	
   (ILCs),	
   natural	
   killer	
   (NK)	
  

cells	
  and	
  the	
  complement	
  system	
  are	
  part	
  of	
  innate	
  immunity.	
  

The	
   adaptive	
   immune	
   system	
   is	
   divided	
   into	
   humoral	
   and	
   cellular	
   mediated	
  

immunity.	
   Humoral	
   immunity	
   is	
   mediated	
   by	
   B	
   cell-­‐produced	
   antibodies,	
  

whereas	
  cellular-­‐mediated	
  immunity	
  is	
  mediated	
  by	
  T	
  lymphocytes.	
  	
  

	
  

2.1	
  Epithelial	
  cells	
  as	
  first	
  line	
  of	
  immune	
  defense	
  	
  

Epithelial	
   cells	
  are	
   the	
   first	
   line	
  defense	
  against	
  pathogens	
  (e.g.	
  bacteria,	
   fungi)	
  

and	
  injuries.	
  They	
  prevent	
  microbes	
  and	
  dangerous	
  molecules	
  to	
  penetrate	
  into	
  

the	
  body.	
  Besides	
  this	
  physical	
  protection,	
  epithelial	
  cells	
  are	
  equipped	
  of	
  innate	
  

immune	
  sensors	
  such	
  as	
  Toll	
  like	
  receptors	
  (TLR)	
  that	
  sense	
  pathogen	
  associated	
  

molecules	
   and	
   allow	
   a	
   first	
   immune	
   response1,2.	
   When	
   sensing	
   pathogens,	
  

epithelial	
   cells	
   release	
   anti-­‐microbial	
   molecules	
   such	
   as	
   defensins	
   and	
  

chatelicidins	
  that	
  damage	
  invading	
  pathogens	
  and	
  limit	
  the	
  infection3.	
  Moreover,	
  

danger	
  signals	
  trigger	
  the	
  release	
  of	
  chemokines	
  in	
  epithelial	
  cells,	
  which	
  in	
  turn	
  

enhance	
   the	
   recruitment	
   of	
   non-­‐resident	
   immune	
   cells	
   to	
   the	
   site	
   of	
  

inflammation4.	
  	
  

Epithelial	
   cells	
   are	
   also	
   target	
   of	
   cytokines	
   released	
   by	
   T	
   cells	
   during	
   the	
  

inflammation.	
   Upon	
   effects	
   of	
   cytokines,	
   epithelial	
   cells	
   secrete	
   further	
   pro-­‐

inflammatory	
  molecules	
  that	
  amplify	
  the	
  inflammation5.	
  Immune	
  cells	
  recruited	
  

to	
   the	
   site	
   of	
   inflammation	
  mediate	
   tissue	
   damage6,7.	
   The	
   inflammatory	
   phase	
  

terminates	
  with	
   a	
   repair	
   phase,	
   characterized	
   by	
   remodeling	
   of	
   the	
   tissue	
   and	
  

wound	
  healing8.	
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2.2	
  Effector	
  cells	
  of	
  adaptive	
  immunity-­‐	
  T	
  cells	
  	
  

T	
   lymphocytes	
   or	
   T	
   cells	
   belong	
   to	
   the	
   adaptive	
   immune	
   system	
   and	
   are	
  

responsible	
   for	
   cellular	
   immunity.	
   They	
   can	
   be	
   divided	
   in	
   functional	
   distinct	
  

populations,	
  among	
  them	
  CD4+	
  T	
  helper	
  (h)	
  cells	
  and	
  CD8+	
  cytotoxic	
  T	
  cells9.	
  	
  

T	
   cells	
   recognize	
   peptides	
   bound	
   to	
   autologous	
   proteins	
   codified	
   by	
   genes	
  

present	
   in	
   the	
   major	
   histocompatibility	
   complex	
   (MHC)	
   and	
   expressed	
   by	
   the	
  

membranes	
   of	
   other	
   cells.	
   MHC-­‐I	
   molecules	
   mount	
   antigens	
   derived	
   from	
  

intracellular,	
  while	
  MHC-­‐II	
  molecules	
  from	
  extracellular	
  pathogens.	
  Two	
  distinct	
  

T	
  cell	
  lineages	
  recognize	
  MHC	
  molecules	
  depending	
  from	
  the	
  expression	
  of	
  CD8	
  

or	
   CD4	
   on	
   the	
   surface,	
   which	
   bind	
   to	
   MHC-­‐I	
   or	
   MHC-­‐II,	
   respectively.	
   The	
  

expression	
   of	
   CD4	
   or	
   CD8	
   on	
   mature	
   T	
   cell	
   linages	
   is	
   mutually	
   exclusive	
   and	
  

reflects	
  the	
  MHC	
  restricted	
  antigen	
  recognition	
  by	
  T	
  cells9.	
  	
  

After	
   antigen	
   recognition	
  on	
  MHC-­‐I,	
  CD8+	
   cells	
  mature	
   in	
   cytotoxic	
  T	
   cells	
   (Tc)	
  

and	
   are	
   committed	
   to	
   kill	
   cells	
   infected	
   by	
   intracellular	
   pathogens,	
   such	
   as	
  

viruses	
  and	
  intracellular	
  microbes10.	
  	
  

	
  

After	
   antigen	
   recognition	
   on	
  MHC-­‐II,	
   CD4+	
   cells	
   release	
   cytokines	
   and	
   directly	
  

modulate	
   proliferation	
   and	
  differentiation	
   of	
   lymphocytes	
   as	
  well	
   as	
   other	
   cell	
  

types,	
   such	
   as	
   B	
   cells,	
   macrophages,	
   other	
   leukocytes	
   and	
   resident	
   tissue	
  

cells11,12.	
  	
  

	
  

2.2.1	
  CD4+	
  T	
  helper	
  (Th)	
  cells	
  	
  

CD4+	
   cells	
   influence	
   the	
   function	
   of	
   other	
   immune	
   cells	
   by	
   either	
   helping	
   or	
  

suppressing	
  their	
  function.	
  	
  

CD4+	
  T	
  cells	
  were	
  discovered	
  to	
  help	
  B	
  cells	
  in	
  immunoglobulin	
  production	
  and	
  

were	
   therefore	
   named	
   T	
   helper	
   (Th)	
   cells13.	
   According	
   to	
   the	
   release	
   of	
   their	
  

signature	
   cytokines	
   Interferon	
   gamma	
   (IFN-­‐γ)	
   and	
   Interleukin	
   (IL)-­‐4	
   after	
  

antigen	
   recognition	
  Th	
   cells	
  were	
   subdivided	
   into	
  Th1	
  and	
  Th2,	
   respectively14.	
  

To	
  develop	
  into	
  Th1	
  or	
  Th2,	
  naïve	
  CD4+	
  T	
  cells	
  have	
  to	
  recognize	
  their	
  cognate	
  

antigen	
   exposed	
   by	
   professional	
   antigen	
   presenting	
   cells	
   (APC)	
   on	
   MHC-­‐II	
  

molecules.	
  	
  For	
  the	
  differentiation	
  process	
  three	
  signals	
  are	
  essential:	
  1)	
  specific	
  

antigen	
   recognition	
   through	
   the	
   T	
   cell	
   receptor	
   (TCR),	
   2)	
   presence	
   of	
   co-­‐

stimulatory	
   factors	
   such	
  as	
  B7	
  molecules	
  and	
  growth	
   factors,	
  3)	
   cytokines	
   that	
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direct	
   the	
   phenotype	
   into	
   a	
   certain	
   subtype.	
   The	
   cytokines	
   IL-­‐12	
   and	
   IL-­‐4	
  

determine	
  if	
  a	
  naïve	
  T	
  cell	
  will	
  develop	
  in	
  Th1	
  or	
  Th2,	
  respectively12	
  (Figure	
  1).	
  

In	
   the	
   following	
   years,	
   further	
   T	
   cell	
   subsets	
   such	
   as	
   T	
   regulatory	
   (Treg)	
   and	
  

Th17	
  cells	
  have	
  been	
  discovered.	
  	
  

Treg	
  are	
  key	
  players	
   in	
   the	
  maintenance	
  of	
   tolerance	
  against	
  self	
  and	
  harmless	
  

antigens.	
  Naturally	
  occurring	
  CD4+CD25+FOXp3+	
  T	
  cells	
  (nTreg),	
  IL-­‐10	
  producing	
  

T	
  cells	
  (Tr1)15,	
  and	
  TGF-­‐b	
  producing	
  T	
  cells	
  (Th3)16,17	
  belong	
  to	
  the	
  regulatory	
  T	
  

cell	
  compartment.	
  While	
  nTreg	
  exert	
  their	
  inhibitory	
  function	
  by	
  inhibiting	
  T	
  cell	
  

proliferation	
   in	
   a	
   contact-­‐dependent	
  manner,	
   Tr1	
   and	
  Th316	
   secrete	
   inhibitory	
  

cytokines	
  such	
  as	
  IL-­‐10	
  and	
  TGF-­‐beta18.	
  

In	
   the	
   last	
   decade	
  much	
   attention	
   has	
   been	
   focused	
   on	
   Th17	
   cells	
   because	
   of	
  

their	
   association	
  with	
   autoimmune	
   diseases19.	
   Th17	
   cells	
   are	
   characterized	
   by	
  

production	
  of	
  the	
  signature	
  cytokine	
  IL-­‐17A	
  and	
  other	
  associated	
  cytokines	
  such	
  

as	
   IL-­‐17F,	
   IL-­‐21,	
   IL-­‐26	
  and	
  IL-­‐22	
  19,20.	
  Moreover,	
   they	
  express	
   the	
  transcription	
  

factor	
  ROR-­‐gamma	
  and	
  the	
  chemokine	
  receptors	
  CCR6	
  and	
  CCR421,22.	
  TGF-­‐b	
  and	
  

IL-­‐6	
  have	
  been	
  shown	
  to	
  be	
  essential	
  to	
  promote	
  Th17	
  cell	
  polarization	
  from	
  the	
  

naïve	
   compartment23	
   (Figure	
   1).	
   However,	
   the	
   generation	
   of	
   Th17	
   cells	
   co-­‐

producing	
  IL-­‐22	
  requires	
  additional	
  IL-­‐2319.	
  IL-­‐17	
  and	
  IL-­‐22	
  have	
  been	
  shown	
  to	
  

synergize	
  in	
  the	
  induction	
  of	
  innate	
  molecules	
  in	
  epithelial	
  cells20.	
  	
  

More	
  recently	
  a	
  new	
  T	
  cell	
  subset	
  named	
  “Th22	
  cells”	
  has	
  been	
  identified.	
  This	
  T	
  

cell	
  subset	
   is	
  characterized	
  by	
  the	
  production	
  of	
   IL-­‐22	
   in	
  absence	
  of	
   IFN-­‐γ,	
   IL-­‐4	
  

and	
   IL-­‐17.	
   Th22	
   cells	
   are	
   preferentially	
   recruited	
   in	
   the	
   skin	
   according	
   to	
  

expression	
   of	
   the	
   chemokine	
   receptors	
   CCR10,	
   CCR6,	
   CCR4	
   and	
   the	
   cutaneous	
  

lymphocyte	
   antigen	
   (CLA)24,25.	
   TNF-­‐α	
   and	
   IL-­‐6	
   have	
   been	
   shown	
   to	
   promote	
  

Th22	
  cell	
  polarization	
  from	
  the	
  naïve	
  compartment	
  while	
  the	
  aryl	
  hydrocarbon	
  

receptor	
  (AHR)	
  and	
  the	
  transcription	
  factor	
  t-­‐bet	
  have	
  been	
  suggested	
  to	
  control	
  

the	
  generation	
  of	
  Th22	
  cells	
  on	
  the	
  transcriptional	
  level	
  26,27	
  (Figure	
  1).	
  	
  	
  

	
  

Besides	
  these	
  well-­‐defined	
  T	
  cells	
  subsets,	
  some	
  less	
  characterized	
  T	
  cells	
  exist	
  

that	
  co-­‐express	
  more	
  than	
  one	
  signature	
  cytokine28,29.	
  This	
  phenomenon	
  is	
  called	
  

plasticity	
  and	
  raises	
  the	
  debate	
  about	
  the	
  origin	
  of	
  these	
  cells.	
  Until	
  today	
  it	
  is	
  not	
  

clear	
   if	
   plastic	
   T	
   cells	
   develop	
   from	
   the	
   naïve	
   compartment	
   or	
   result	
   from	
   the	
  

instability	
  of	
  some	
  T	
  cell	
  subsets30,31.	
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Figure	
  1.	
  Naïve	
  T	
  cell	
  differentiation	
  into	
  Th	
  subsets.	
  	
  
Naïve	
  T	
  cells	
  are	
  directed	
  towards	
  Th1,	
  Th2,	
  Th17	
  and	
  Th22	
  depending	
  from	
  the	
  
cytokines	
  encountered.	
  T	
  cell	
  subsets	
  are	
  characterized	
  by	
  master	
  transcription	
  
factors	
  and	
  by	
  signature	
  cytokines.	
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2.2.2	
  Functions	
  of	
  T	
  helper	
  cells	
  

By	
  releasing	
  cytokines,	
  Th	
  cells	
  promote	
  immunoglobulin	
  production	
  in	
  B	
  cells,	
  

enhance	
  the	
  activity	
  of	
  other	
  immune	
  cells	
  and	
  activate	
  epithelial	
  cells32.	
  

Th1	
   cells	
   release	
   IFN-­‐γ	
   after	
   the	
   encounter	
   of	
   their	
   cognate	
   antigen.	
   IFN-­‐γ	
   is	
  

strongly	
   supporting	
   the	
   activity	
   of	
   innate	
   immune	
   cells	
   such	
   as	
   NK	
   cells	
   and	
  

macrophages32.	
   It	
   is	
   inducing	
   the	
   isotype	
   switch	
   in	
   B	
   cells	
   towards	
   the	
  

production	
  of	
  IgG32.	
  Besides	
  its	
  effect	
  on	
  immune	
  cells,	
  IFN-­‐γ	
  plays	
  an	
  important	
  

role	
   in	
  epithelial	
  cell	
   responses.	
  On	
   IFN-­‐γ	
  exposure,	
  epithelial	
  cells	
  release	
  pro-­‐

inflammatory	
  chemokines	
  and	
  cytokines	
  that	
  in	
  turn	
  amplify	
  the	
  recruitment	
  of	
  

other	
   immune	
   cells	
   to	
   the	
   site	
   of	
   inflammation33,34.	
   Additionally,	
   IFN-­‐γ	
   induces	
  

the	
   expression	
   of	
   adhesion	
   molecules	
   such	
   as	
   MHC-­‐I,	
   MHC-­‐II,	
   and	
   ICAM-­‐1	
   on	
  

epithelial	
   cells,	
   enabling	
   Th1	
   and	
   Tc	
   mediated	
   cytotoxicity6,33	
   (Figure	
   2).	
  

Moreover,	
   it	
   has	
   been	
   reported	
   to	
   ameliorate	
   fibrosis	
   by	
   inhibiting	
   collagen	
  

synthesis,	
   cell	
   cycle	
   arrest	
   and	
   apoptosis,	
   as	
   well	
   as	
   enhancing	
   NK	
   cell	
  

cytotoxicity35.	
  	
  

Th1	
  cells	
  play	
  an	
  important	
  role	
  also	
  in	
  tissue	
  damage.	
  They	
  induce	
  epithelial	
  cell	
  

apoptosis	
   by	
   two	
   distinct	
   mechanisms.	
   The	
   first	
   mechanism	
   is	
   cytokine	
  

dependent.	
  Here,	
   IFN-­‐γ	
   induces	
  epithelial	
   cell	
   apoptosis	
  via	
  down-­‐regulation	
  of	
  

anti-­‐apoptotic	
   factors	
   in	
   epithelial	
   cells7.	
   The	
   second	
   mechanism	
   is	
   contact	
  

dependent.	
  By	
   recognizing	
   the	
   antigen	
  on	
  MHC-­‐II	
   expressed	
  by	
   epithelial	
   cells,	
  

Th1	
   cells	
   adhere	
   to	
   the	
   epithelium	
   and	
   via	
   FAS-­‐FAS-­‐L	
   engagement	
   induce	
  

apoptosis.	
   This	
   second	
   mechanism	
   requires	
   the	
   adhesion	
   molecule	
   ICAM-­‐1	
  

(Figure	
  3)6.	
  

	
  

Th2	
   cells	
   are	
   characterized	
   by	
   secretion	
   of	
   IL-­‐4,	
   IL-­‐5	
   and	
   IL-­‐13.	
   IL-­‐4	
   further	
  

enhances	
  the	
  differentiation	
  of	
  Th2	
  cells	
  and	
  mediates	
  the	
  IgE	
  class	
  switch	
  in	
  B	
  

cells12.	
   IgE	
   is	
   involved	
   in	
   defense	
   against	
   parasites	
   by	
   triggering	
  mast	
   cell	
   and	
  

basophil	
   degranulation12.	
  However,	
   by	
   recognizing	
   harmless	
   allergens,	
   IgE	
   is	
   a	
  

central	
  molecule	
   in	
   allergic	
   disorders12.	
   By	
   secretion	
  of	
   IL-­‐5,	
   Th2	
   cells	
   interact	
  

with	
   another	
   granulocyte,	
   the	
   eosinophil.	
   IL-­‐5	
   in	
   turn	
   induces	
   the	
  maturation,	
  

enhances	
  the	
  survival,	
  serves	
  as	
  chemoattractant	
  and	
  activates	
  the	
  degranulation	
  

of	
  eosinophils12.	
  By	
  releasing	
  IL-­‐4	
  and	
  IL13,	
  Th2	
  also	
  affect	
  resident	
  tissue	
  cells.	
  

In	
  fact,	
  IL-­‐4	
  has	
  been	
  shown	
  to	
  act	
  synergistically	
  with	
  IFN-­‐γ	
  in	
  the	
  induction	
  of	
  



	
   10	
  

ICAM-­‐1	
   on	
   epithelial	
   cells4,5.	
   Moreover,	
   both	
   IL-­‐4	
   and	
   IL-­‐13,	
   amplify	
   the	
  

recruitment	
   of	
   eosinophils	
   by	
   enhancing	
   chemokine	
   release	
   such	
   as	
   eotaxin-­‐

3/CCL26	
  by	
  epithelial	
  cells.	
  Th2	
  cytokines	
  also	
  affect	
   innate	
   immune	
  responses	
  

of	
   epithelial	
   cells	
   by	
   reducing	
   beta-­‐defensin-­‐2	
   and	
   S100/A11	
   expression	
   in	
  

keratinocytes36.	
   Finally,	
   Th2	
   cytokines	
   mediate	
   tissue	
   remodeling	
   by	
   inducing	
  

collagen	
  synthesis	
   in	
  dermal	
   fibroblasts	
  and	
  are	
  therefore	
   important	
  mediators	
  

of	
  fibrotic	
  processes	
  (Figure	
  2)37.	
  	
  

	
  

Th17	
   cells	
   are	
   involved	
   in	
   autoimmune	
   diseases	
   such	
   as	
   experimental	
  

autoimmune	
   encephalitis	
   (EAE),	
   rheumatoid	
   arthritis	
   and	
   inflammatory	
   bowel	
  

disease38-­‐40.	
   IL-­‐22	
   reinforces	
   the	
   IL-­‐17	
   mediated	
   induction	
   of	
   many	
   pro-­‐

inflammatory	
  mediators	
   such	
  as	
   IL-­‐8,	
   IL-­‐6,	
  CCL20	
  and	
  GM-­‐CSF.	
  This	
   synergism	
  

has	
   been	
   suggested	
   to	
   be	
   involved	
   in	
   the	
   pathogenesis	
   of	
   diseases	
   such	
   as	
  

psoriasis	
   and	
   cystic	
   fibrosis41,42.	
   Moreover,	
   Th17	
   cells	
   play	
   a	
   key	
   role	
   in	
  

triggering	
   innate	
   immune	
   responses	
   in	
   epithelial	
   cells.	
   IL-­‐17	
   and	
   IL-­‐22	
  

synergistically	
   induce	
   beta-­‐defensin-­‐2	
   in	
   epithelial	
   cells,	
   a	
   key	
   factor	
   for	
   the	
  

clearance	
   of	
   candida	
   infection	
   (Figure	
   2)20.	
   An	
   impaired	
   Th17	
   functionality	
   is	
  

associated	
   with	
   autosomal-­‐dominant	
   hyper-­‐IgE	
   syndrome	
   and	
   chronic	
  

mucocutaneous	
   candidiasis43,44.	
   In	
   both	
   diseases,	
   patients	
   are	
   affected	
   by	
  

recurrent	
   infections	
  of	
  the	
  barrier	
  by	
  Candida	
  albicans	
  (C.	
  albicans)	
  highlighting	
  

the	
  relevance	
  of	
  Th17	
  cytokines	
  in	
  innate	
  immune	
  responses.	
  	
  

	
  

In	
   contrast	
   to	
   the	
   well-­‐known	
   T	
   cell	
   subsets,	
   very	
   little	
   is	
   known	
   about	
   the	
  

function	
  and	
  disease	
  involvement	
  of	
  Th22	
  cells.	
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Figure	
  2:	
  Th	
  cells	
  differentially	
  instruct	
  epithelial	
  cells	
  for	
  distinct	
  tissue	
  
responses.	
  	
  
	
  
	
  
	
  
	
   	
  

Th1$Th2$ Th17$ Th22$

IL)4$ IFN)gamma$ IL)17$ IL)22$

CXCL)10/CXCL)9/CCL)5/ICAM)1$
CCL)20/CXCL)8$

Defensin)2$

Pro$inflammatory,chemokines, Innate,responses,Mediators,of,
Remodeling,

Ep
ith

el
ia
l,c
el
ls
,

S100A7$

GM)CSF/TGF)a/CXCL)8$



	
   12	
  

2.3	
  Atopic	
  Eczema	
  	
  

Atopic	
   Eczema	
   (AE)	
   is	
   a	
   chronic	
   inflammatory	
   skin	
   disease.	
   AE	
   patients	
   suffer	
  

from	
  an	
  impaired	
  quality	
  of	
  life	
  and	
  therapy	
  causes	
  heavy	
  health	
  care	
  cost45,46.	
  	
  

The	
   pathogenesis	
   of	
   AE	
   is	
   the	
   result	
   of	
   a	
   complex	
   interaction	
   between	
  

environment,	
   genetic	
   susceptibility,	
   altered	
   skin	
   barrier	
   function	
   and	
   the	
  

immune	
  system47.	
  This	
  interaction	
  leads	
  to	
  the	
  characteristics	
  of	
  the	
  disease	
  that	
  

are	
   epidermal	
   barrier	
   dysfunction,	
   trans-­‐epithelial	
   water	
   loss	
   and	
   dry	
   skin,	
  

pruritus	
  and	
  often	
  sensitization	
  to	
  environmental	
  allergens.	
  Hereby,	
  the	
  skin	
  on	
  

the	
  flexural	
  surface	
  of	
  the	
  joints	
  (knee	
  and	
  elbow)	
  is	
  mainly	
  affected.	
  

The	
   genetic	
   background	
   influences	
   the	
   barrier	
   dysfunction	
   of	
   atopic	
   eczema	
  

patients	
   predisposing	
   their	
   skin	
   to	
   be	
   very	
   sensitive	
   to	
   external	
   insults48.	
  

Subjects	
  carrying	
  the	
  null	
  mutation	
  in	
  the	
  filaggrin	
  gene	
  have	
  a	
  lower	
  expression	
  

of	
  filaggrin	
  and	
  are	
  more	
  susceptible	
  to	
  develop	
  AE49,50.	
  Filaggrin	
  plays	
  a	
  key	
  role	
  

in	
   epidermal	
   barrier	
   functions	
   and	
   its	
   association	
   with	
   atopic	
   eczema	
  

emphasizes	
  the	
  importance	
  of	
  barrier	
  dysfunction	
  in	
  eczema	
  pathogenesis.	
  	
  

About	
  two	
  third	
  of	
  AE	
  patients	
  develop	
  multi-­‐allergen	
  sensitizations	
  and	
  react	
  to	
  

allergen	
  with	
  eczematous	
  reactions	
  and	
  chronic	
  eczematous	
   inflammation.	
   It	
   is	
  

discussed	
  if	
  the	
  sensitization	
  can	
  take	
  place	
  via	
  the	
  disrupted	
  epidermal	
  barrier	
  

and/or	
  if	
  it	
  is	
  the	
  result	
  of	
  an	
  immune	
  deviation.	
  

	
  

Innate	
  immune	
  responses	
  also	
  influence	
  the	
  outcome	
  of	
  AE.	
  In	
  fact,	
  an	
  impaired	
  

beta-­‐defensin-­‐2	
   expression	
   has	
   been	
   shown	
   in	
   the	
   skin	
   of	
   AE	
   patients51.	
  

Consistently,	
   Staphylococcus.	
   aureus	
   (S.	
   aureus)	
   colonizes	
   more	
   than	
   85%	
   of	
  

patients	
   and	
   is	
   associated	
   with	
   increased	
   disease	
   severity52.	
   It	
   has	
   been	
  

speculated	
  that	
  exotoxins	
  produced	
  by	
  S.	
  aureus	
  stimulate	
  T	
  cells	
  infiltrating	
  the	
  

skin	
   during	
   the	
   eczematous	
   reaction	
   independently	
   from	
   their	
   specificity52,53.	
  

This	
  mechanism	
  may	
  aggravate	
  atopic	
  eczema	
  by	
  boosting	
  a	
  non-­‐specific	
  T	
  cell	
  

immune	
  reaction.	
  	
  

	
  

Concerning	
   the	
   contribution	
   of	
   T	
   cells,	
   AE	
   is	
   considered	
   a	
   Th2-­‐mediated	
  

disease54,55	
   (Figure3).	
   Th2	
   cells	
   support	
   the	
   generation	
   of	
   allergen-­‐specific	
   IgE	
  

that	
   in	
   turn	
   mediates	
   mast-­‐cell	
   activation	
   and	
   tissue	
   damage.	
   	
   Upon	
   allergen	
  

exposure,	
   patients	
   affected	
   by	
  AE	
   react	
  with	
   a	
   biphasic	
   immunologic	
   response	
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characterized	
  by	
  an	
  initial	
  Th2	
  pattern	
  that	
  switches	
  towards	
  a	
  Th1	
  response	
  in	
  

later	
   phases	
   of	
   the	
   disease54,55.	
   Besides	
   Th2,	
   increasing	
   numbers	
   of	
   reports	
  

indicate	
   that	
  new	
  T	
  cell	
  subsets	
  such	
  as	
  Th17	
  cells	
  may	
  be	
  also	
   involved	
   in	
   the	
  

pathogenesis	
   of	
   AE.	
   IL-­‐17	
   has	
   been	
   shown	
   to	
   be	
   expressed	
   in	
   the	
   skin	
   of	
   AE	
  

patients	
  and	
  to	
  be	
  more	
  expressed	
  in	
  the	
  severe	
  cases56.	
  However,	
  the	
  number	
  of	
  

studies	
   evaluating	
   the	
   contribution	
   of	
   IL-­‐17	
   producing	
   T	
   cell	
   subsets	
   in	
   the	
  

context	
  of	
   a	
  Th2	
  dominated	
  disease	
   is	
   very	
   limited.	
   IL-­‐22	
  producing	
   cells	
  have	
  

been	
  also	
  described	
  to	
  infiltrate	
  the	
  skin	
  of	
  AE	
  patients	
  and	
  suggested	
  to	
  play	
  a	
  

role	
  in	
  the	
  control	
  of	
  pathogen	
  colonization.	
  	
  

	
  

2.4	
  Allergic	
  Contact	
  Dermatitis	
  	
  

Allergic	
  contact	
  dermatitis	
  (ACD)	
  is	
  a	
  type	
  IV	
  hypersensitivity	
  reaction	
  resulting	
  

from	
  an	
  imbalance	
  in	
  the	
  regulatory	
  and	
  specific	
  effector	
  T	
  cell	
  compartment57,58.	
  

Contact	
   allergy	
   affects	
   about	
   20%	
   of	
   the	
   European	
   population	
   and	
   is	
  

characterized	
   by	
   an	
   erythematous	
   reaction	
   at	
   the	
   side	
   of	
   allergen	
   contact59.	
  

Sensitized	
   patients	
   react	
   to	
   small	
   molecular	
   weight	
   allergens	
   that	
   are	
   called	
  

haptens	
  and	
  penetrate	
  the	
  skin	
  to	
  induce	
  an	
  exaggerated	
  T	
  cell	
  response60.	
  The	
  

most	
  common	
  contact	
  allergens	
  are	
  nickel,	
  fragrances	
  and	
  preservatives.	
  Contact	
  

allergy	
  is	
  one	
  of	
  the	
  most	
  important	
  reasons	
  for	
  work-­‐related	
  incapacity	
  to	
  work	
  

and	
  therefore	
  of	
  high	
  socioeconomic	
  interest59.	
  

	
  

In	
  murine	
  models	
  of	
  ACD,	
  CD8+	
  and	
  CD4+	
  cells	
  play	
  two	
  distinct	
  roles.	
  CD8	
  cells	
  

are	
   main	
   mediators	
   of	
   tissue	
   damage	
   while	
   CD4+	
   cells	
   are	
   predominantly	
  

regulatory	
  cells61.	
  	
  	
  

In	
  humans,	
  CD4+	
  cells	
  play	
  an	
  important	
  role	
  in	
  amplification	
  of	
  the	
  eczematous	
  

reaction5.	
   Dendritic	
   cells	
   located	
   in	
   the	
   tissue	
   present	
   the	
   contact	
   allergen	
   to	
  

CD4+	
  cells.	
  After	
  antigen	
  recognition	
  T	
  cells	
  produce	
  large	
  amounts	
  of	
  cytokines	
  

such	
  as	
  IFN-­‐γ,	
   IL-­‐17,	
   IL-­‐22	
  and	
  IL-­‐2	
  that	
  affect	
  epithelial	
  responses	
  and	
  amplify	
  

the	
  extent	
  of	
   the	
   immune	
   reaction5	
   (Figure	
  3).	
  Only	
  a	
  minor	
   fraction	
  of	
  T	
   cells	
  

infiltrating	
  the	
  ACD	
  reaction	
  is	
  specific	
  to	
  the	
  causative	
  allergen	
  and	
  the	
  role	
  of	
  

non-­‐antigen	
  specific	
  T	
  cells	
  during	
  the	
  effector	
  phase	
  of	
   immune	
  responses	
  has	
  

been	
  little	
  investigated62.	
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Besides	
   their	
   amplificatory	
   role,	
   Th1	
   cells	
   directly	
   contribute	
   to	
   the	
   epithelial	
  

damage	
   during	
   ACD.	
   Upon	
   IFN-­‐γ	
   exposure,	
   epithelial	
   cells	
   up-­‐regulate	
   MHC-­‐II	
  

and	
  therefore	
  become	
  susceptible	
  to	
  Th1	
  mediated	
  cytotoxicity33.	
  	
  

IL-­‐17	
  has	
  been	
  shown	
  to	
  play	
  an	
  important	
  role	
  in	
  mouse	
  models	
  of	
  ACD63.	
  Mice	
  

lacking	
  IL-­‐17	
  expression	
  have	
  an	
  impaired	
  sensitization	
  to	
  haptens	
  as	
  well	
  as	
  a	
  

reduced	
  elicitation	
  of	
  the	
  effector	
  phase	
  of	
  contact	
  hypersensitivity.	
  The	
  reduced	
  

magnitude	
   of	
   the	
   effector	
   phase	
   has	
   been	
   shown	
   to	
   be	
   dependent	
   from	
   a	
  

diminished	
  infiltration	
  of	
  granulocytes64.	
  Since	
  neutrophilic	
  infiltration	
  in	
  human	
  

ACD	
   is	
   a	
   rare	
   event,	
   the	
   contribution	
   of	
   Th17	
   cells	
   to	
   human	
   ACD	
   has	
   to	
   be	
  

determined	
  in	
  future	
  studies.	
  	
  

	
  

2.5	
  Asthma	
  

Asthma	
   is	
  a	
   chronic	
   inflammatory	
  disease	
  characterized	
  by	
  airflow	
  obstruction	
  

and	
   tissue	
   remodeling65.	
   It	
   is	
   classified	
   according	
   to	
   the	
   allergic	
   status	
   and	
  

severity	
  of	
   the	
  disease66.	
  Allergic	
  asthma	
  (extrinsic)	
  affects	
   the	
  vast	
  majority	
  of	
  

asthmatic	
  patients	
  during	
  childhood	
  and	
  about	
  30%	
  of	
  adult	
  asthmatic	
  patients.	
  

In	
  allergic	
  asthma	
  allergen-­‐specific	
   IgE	
   induces	
  mast	
  cell	
  degranulation	
  and	
  the	
  

consequent	
   release	
  of	
   factors	
  mediating	
  bronchial	
   constriction	
   and	
   remodeling	
  

(Figure3).	
   Non-­‐allergic	
   asthma	
   (intrinsic)	
   is	
   mainly	
   affecting	
   adult	
   asthmatic	
  

patients65.	
   To	
   this	
   group	
   belongs	
   the	
   majority	
   of	
   patients	
   affected	
   by	
   severe	
  

asthma,	
   corticoid-­‐resistance	
   and	
   severe	
   asthmatic	
   attacks67.	
   Severe	
   asthma	
   is	
  

characterized	
   by	
   strong	
   remodeling	
   with	
   tendencies	
   to	
   fibrosis	
   and	
   tissue	
  

damage.	
  T	
  cells	
  mediate	
  remodeling	
  by	
  secretion	
  of	
  pro-­‐fibrotic	
  cytokines	
  such	
  

as	
   IL-­‐13	
   and	
   IL-­‐17.	
   By	
   inducing	
  molecules	
   such	
   as	
   G-­‐CSF,	
   IL-­‐6	
   and	
   IL-­‐8,	
   IL-­‐17	
  

induces	
   recruitment	
   of	
   immune	
   cells	
   that	
   in	
   turn	
   further	
   drives	
   severe	
  

fibrosis42,68.	
   Moreover,	
   IL-­‐17	
   has	
   also	
   been	
   shown	
   to	
   induce	
   airway	
   smooth	
  

muscle	
  cell	
  contraction	
  leading	
  to	
  bronchiolar	
  constriction69.	
  	
  

The	
  role	
  of	
  IL-­‐22	
  in	
  lung	
  diseases	
  is	
  matter	
  of	
  debate.	
  Together	
  with	
  IL-­‐17,	
  IL-­‐22	
  

has	
  been	
  shown	
  to	
  induce	
  recruitment	
  of	
  granulocytes	
  aggravating	
  the	
  outcome	
  

of	
   allergic	
   asthma	
   in	
   mice.	
   However,	
   lung	
   inflammation	
   of	
   mice	
   lacking	
   IL-­‐17	
  

expression	
  is	
  ameliorated	
  by	
  IL-­‐22	
  injection70.	
  	
  

Besides	
  animal	
  studies,	
  the	
  role	
  of	
  IL-­‐22	
  producing	
  T	
  cells	
  in	
  human	
  asthma	
  has	
  

not	
  been	
  investigated.	
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Figure	
  3.	
  Role	
  of	
  T	
  cells	
  in	
  the	
  pathogenesis	
  of	
  Psoriasis,	
  Allergic	
  Contact	
  
Dermatitis,	
  Atopic	
  Eczema	
  and	
  Asthma.	
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3.	
  Aim	
  of	
  the	
  study	
  
The	
   aim	
   of	
   this	
   study	
   is	
   to	
   identify	
   IL-­‐17	
   and	
   IL-­‐22-­‐producing	
   T	
   cell	
   subsets	
  

infiltrating	
  skin	
  and	
  lung	
  tissue	
  during	
  inflammatory	
  disorders	
  and	
  to	
  investigate	
  

the	
  functional	
  consequences	
  of	
  IL-­‐17	
  and	
  IL-­‐22	
  in	
  the	
  context	
  of	
  a	
  Th1	
  and	
  Th2	
  

dominated	
  tissue	
  environment.	
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4.	
  Material	
  and	
  methods	
  
	
  

4.1	
  Patients	
  

In	
   the	
   present	
   study,	
   patients	
   affected	
   by	
   ACD,	
   AE,	
   psoriasis	
   and	
   asthma	
   have	
  

been	
   included.	
   Human	
   samples	
  were	
   obtained	
   after	
   informed	
   consent	
   and	
   the	
  

local	
  ethical	
  committee	
  approved	
  all	
  studies.	
  	
  Further	
  details	
  are	
  provided	
  in	
  the	
  

material	
  and	
  method	
  section	
  of	
  publications	
  1-­‐5.	
  

	
  

4.2	
  Immunohistochemistry	
  

Biopsies	
   were	
   embedded	
   in	
   paraffin.	
   Five-­‐micrometer	
   sections	
   were	
   firstly	
  

dewaxed	
   in	
   xylene,	
   secondly	
   in	
   ethanol	
   and	
   next	
   boiled	
   in	
   Tris-­‐EDTA	
   buffer.	
  

After	
  quenching	
  endogenous	
  peroxidase,	
   slides	
  were	
   incubated	
  with	
  polyclonal	
  

rabbit	
   anti-­‐human	
   IL-­‐22	
   (Novus	
   Biologicals),	
   goat	
   anti-­‐human	
   IL-­‐17	
   (R&D	
  

Systems)	
  and/or	
  rabbit	
  anti-­‐human	
  CD3	
  (Dako).	
  Further	
  details	
  are	
  provided	
  in	
  

the	
  material	
  and	
  method	
  section	
  of	
  publications	
  2	
  and	
  5.	
  

	
  

4.3	
  Isolation	
  of	
  tissue	
  infiltrating	
  T	
  cells	
  

Lung	
   and	
   skin	
   biopsies	
   were	
   cultured	
   in	
   complete	
   RPMI	
   1640	
   medium	
  

supplemented	
  with	
  human	
  serum	
  and	
  interleukin-­‐2	
  (IL-­‐2).	
  Emigrating	
  cells	
  were	
  

expanded	
   by	
  means	
   of	
   IL-­‐2	
   alone	
   or	
   in	
   combination	
  with	
   anti-­‐CD3/anti-­‐CD28.	
  

Depending	
  from	
  the	
  experiment,	
  emigrating	
  T-­‐cells	
  were	
  collected	
  between	
  day	
  

2	
  and	
  day	
  13.	
  	
  Further	
  details	
  are	
  provided	
  in	
  the	
  material	
  and	
  method	
  section	
  of	
  

publications	
  1-­‐5.	
  

	
  

4.4	
  T	
  cell	
  cloning	
  

T	
  cell	
  clones	
  were	
  obtained	
  by	
  plating	
  T	
  cells	
  at	
  limiting	
  dilution	
  (0,6	
  cells/well)	
  

in	
  RPMI	
  medium	
  supplemented	
  with	
  5%	
  human	
  serum,	
  10%	
  fetal	
  bovine	
  serum	
  

(FBS)	
  and	
  IL-­‐2	
  ranging	
  between	
  20-­‐60	
  U/ml.	
  Further	
  details	
  are	
  provided	
  in	
  the	
  

material	
  and	
  method	
  section	
  of	
  publications	
  1-­‐4.	
  

	
  

4.5	
  Flow	
  cytometry	
  analysis	
  

Staining	
   of	
   surface	
  markers	
   and	
   intracellular	
   cytokines	
   were	
   performed	
   using	
  

the	
   Cytofix/Cytoperm	
   kit	
   (BD	
   Biosciences),	
   according	
   to	
   the	
   manufacturer's	
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instructions.	
  Acquisition	
  and	
  analysis	
  were	
  performed	
  with	
  the	
  FACS-­‐Calibur	
  or	
  

FACS-­‐Canto	
  II	
  (both	
  BD	
  Biosciences).	
  Further	
  details	
  are	
  provided	
  in	
  the	
  material	
  

and	
  method	
  section	
  of	
  publications	
  1-­‐5.	
  

	
  

4.6	
  T	
  cell	
  proliferation	
  assays	
  

T	
  cell	
  antigen	
  specific	
  proliferation	
  was	
  measured	
  by	
  [3H]thymidine	
  deoxyribose	
  

(TdR)	
   incorporation	
   (Amersham	
  Biosciences)	
   or	
   CFSE	
   staining.	
   Further	
   details	
  

are	
  provided	
  in	
  the	
  material	
  and	
  method	
  section	
  of	
  publications	
  1-­‐3.	
  

	
  

4.7	
  Keratinocyte	
  and	
  bronchial	
  epithelial	
  cell	
  culture	
  

Primary	
  keratinocytes	
  were	
  derived	
   from	
  skin	
  biopsies	
  of	
  patients	
  and	
  healthy	
  

donors.	
   Cells	
   of	
   the	
   first,	
   second,	
   and	
   third	
  passage	
  were	
  used	
   in	
   experiments.	
  

Primary	
   human	
   bronchial	
   epithelial	
   cells	
   from	
   healthy	
   (NHBE)	
   or	
   asthmatic	
  

(DHBE)	
   subjects	
   were	
   purchased	
   and	
   cultured	
   in	
   bronchial	
   epithelial	
   cell	
  

medium	
  (Lonza).	
  	
  

Epithelial	
   cells	
   were	
   stimulated	
   with	
   recombinant	
   cytokines	
   or	
   T	
   cell	
   clone	
  

supernatants	
   in	
   growth	
   factor–free	
   basal	
   medium	
   (BEBM;	
   Lonza).	
   Further	
  

details	
  are	
  provided	
  in	
  the	
  material	
  and	
  method	
  section	
  of	
  publications	
  1-­‐5.	
  

	
  

4.8	
  Dendritic	
  cell	
  generation	
  and	
  co-­‐culture	
  with	
  T	
  cells	
  

Immature	
  dendritic	
  cells	
  (iDCs)	
  were	
  generated	
  from	
  CD14+	
  monocytes.	
  Briefly,	
  

CD14+	
  monocytes	
  were	
  isolated	
  by	
  MACS	
  sorting	
  (Miltenyi	
  Biotech)	
  and	
  cultured	
  

in	
  complete	
  RPMI	
  medium	
  supplemented	
  with	
  human	
  rIL-­‐4,	
  and	
  rGM-­‐CSF	
  for	
  5	
  

days.	
  Mature	
  DCs	
  (mDCs)	
  were	
  generated	
  stimulating	
   iDCs	
  with	
  50	
  μg/mL	
  LPS	
  

(Invitrogen)	
   for	
   24	
   hours.	
   Further	
   details	
   are	
   provided	
   in	
   the	
   material	
   and	
  

method	
  section	
  of	
  publications	
  1	
  and	
  2.	
  

	
  

4.9	
  ELISA	
  

Measurement	
  of	
  TNF-­‐α,	
  IFN-­‐γ,	
  IL-­‐4,	
  IL-­‐17,	
  IL-­‐22,	
  IL-­‐10,	
  IL-­‐13,	
  (all	
  R&D	
  systems),	
  

and	
   HBD-­‐2	
   (Phoenix	
   Pharmaceuticals)	
   was	
   performed	
   in	
   cell-­‐free	
   culture	
  

supernatants	
   by	
   using	
   commercially	
   available	
   ELISA	
   kits	
   and	
   following	
   the	
  

manufacturer's	
   instructions	
   of	
   the	
   respective	
   companies.	
   Further	
   details	
   are	
  

provided	
  in	
  the	
  material	
  and	
  method	
  section	
  of	
  publications	
  1-­‐5.	
  



	
   19	
  

	
  

4.10	
  Real-­‐time	
  PCR	
  analysis	
  

Total	
   RNA	
   was	
   isolated	
   from	
   human	
   primary	
   cells	
   (Qiagen)	
   and	
   reversely	
  

transcribed	
   with	
   random	
   oligo	
   (dT)	
   primers	
   according	
   to	
   the	
   manufacturer’s	
  

protocols	
  of	
  the	
  respective	
  kits	
  (Roche,	
  Applied	
  Biosystems).	
  The	
  obtained	
  cDNA	
  

was	
   amplified	
   using	
   SYBR	
   Green	
   Mastermix	
   (Applied	
   Biosystems)	
   and	
   gene	
  

specific	
  primers.	
  Further	
  details	
  are	
  provided	
  in	
  the	
  material	
  and	
  method	
  section	
  

of	
  publications	
  1-­‐5.	
  

	
  

4.11	
  Whole-­‐genome	
  microarray	
  analysis	
  	
  

Microarray	
   analysis	
   was	
   performed	
   by	
   using	
   “SurePrint	
   G3	
   Human	
   Gene	
  

Expression	
   8x60K	
   kit”	
   or	
   “Agilent	
   Whole	
   Human	
   Genome	
   Oligo	
   Microarrays	
  

4x44K	
   kit”	
   (both	
   Agilent	
   Technologies).	
   Differential	
   gene	
   expression	
   was	
  

analyzed	
   with	
   the	
   Rosetta	
   Resolver	
   gene	
   expression	
   data	
   analysis	
   system	
  

(Rosetta	
   Biosoftware)	
   or	
   Genespring	
   Software	
   GX	
   11.0	
   (Agilent	
   Technologies).	
  

Further	
  details	
  are	
  provided	
  in	
  the	
  material	
  and	
  method	
  section	
  of	
  publications	
  3	
  

and	
  5.	
  

	
  

4.12	
  T	
  cell-­‐epithelial	
  cell	
  cytotoxicity	
  

The	
   T	
   cell	
   mediated	
   cytotoxicity	
   of	
   EBV-­‐transformed	
   B	
   cell	
   lines	
   (B-­‐LCL)	
   and	
  

primary	
   autologous	
   keratinocytes	
  was	
  measured	
   by	
  means	
   of	
   [3H]TdR	
   release	
  

assay.	
  The	
  T	
  cell	
  mediated	
  cytotoxicity	
  on	
  NHBE	
  cells	
  was	
  measured	
  by	
  means	
  of	
  

LDH	
   cytotoxicity	
   detection	
   kit	
   (Roche).	
   Further	
   details	
   are	
   provided	
   in	
   the	
  

material	
  and	
  method	
  section	
  of	
  publications	
  2	
  and	
  5.	
  

	
  

4.13	
  Keratinocyte-­‐T	
  cell	
  adhesion	
  	
  

Keratinocytes	
   were	
   seeded	
   in	
   culture	
   slides	
   (BD	
   Biosciences)	
   and	
   stimulated	
  

with	
   recombinant	
   cytokines.	
  After	
   stimulation,	
   autologous	
  nickel-­‐specific	
  T	
   cell	
  

clones	
   were	
   stained	
   with	
   CFSE	
   and	
   incubated	
   with	
   autologous	
   keratinocytes.	
  

After	
  6	
  hours,	
   co-­‐cultures	
  were	
  extensively	
  washed	
   in	
  PBS,	
   and	
  adherent	
  CFSE	
  

positive	
  T	
  cells	
  were	
  measured.	
  Further	
  details	
  are	
  provided	
  in	
  the	
  material	
  and	
  

method	
  section	
  of	
  publication	
  2.	
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4.14	
  Wound	
  repair	
  assay	
  

Confluent	
   monolayers	
   of	
   primary	
   epithelial	
   cells	
   were	
   scratched	
   with	
   a	
   tip.	
  

Wounded	
  monolayers	
  were	
   then	
   incubated	
  with	
   recombinant	
   cytokines,	
   T	
   cell	
  

supernatants	
  and/or	
  blocking	
  antibodies.	
   	
  The	
   residual	
   gap	
  between	
  migrating	
  

cells	
  was	
  measured	
  with	
  a	
  computer-­‐assisted	
  image	
  analysis	
  system	
  (AxioVision	
  

4.5,	
   Zeiss).	
   Further	
   details	
   are	
   provided	
   in	
   the	
  material	
   and	
  method	
   section	
   of	
  

publications	
  3	
  and	
  5.	
  

	
  

4.16	
  In	
  vitro	
  Candida	
  infection	
  model	
  

Human	
   oral	
   keratinocytes	
   were	
   cultured	
   in	
   96	
   well	
   plates	
   for	
   the	
   two	
  

dimensional	
  infection	
  model	
  or	
  on	
  polycarbonate	
  filter	
  for	
  the	
  three	
  dimensional	
  

infection	
   model	
   and	
   next	
   infected	
   with	
   C.	
   albicans	
   wild	
   type	
   strain	
   SC5314.	
  

Recombinant	
  cytokines	
  and	
  Th22	
  cell	
  supernatants	
  were	
  incubated	
  between	
  12	
  

and	
   20	
   hours.	
   Candida	
   infection	
   was	
   measured	
   either	
   by	
   LDH	
   release	
   or	
   by	
  

immunohistochemistry	
  studies.	
  Further	
  details	
  are	
  provided	
  in	
  the	
  material	
  and	
  

method	
  section	
  of	
  publication	
  4.	
  

	
  

4.17	
  In	
  vivo	
  experiments	
  

Definite	
   areas	
   on	
   the	
   forearm	
   of	
   a	
   patient	
   with	
   AE	
   were	
   challenged	
   with	
  

commercially	
   available	
   D.	
   pteronyssinus	
   (Stallergenes).	
   36	
   hours	
   later,	
   50	
  

mg/cm2	
   SEB	
   were	
   added	
   onto	
   one	
   areal,	
   additionally.	
   Epidermis	
   and	
   blister	
  

fluids	
   were	
   obtained	
   by	
   suction	
   blister	
   60	
   hours	
   after	
   allergen	
   application.	
  

Further	
  details	
  are	
  provided	
  in	
  the	
  material	
  and	
  method	
  section	
  of	
  publication	
  1.	
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5.	
  Summary	
  of	
  results	
  	
  
	
  

5.1	
  Publication	
  1:	
   IL-­‐17	
  in	
  atopic	
  eczema:	
  linking	
  allergen-­‐specific	
  adaptive	
  

and	
  microbial-­‐triggered	
  innate	
  immune	
  response	
  

Patients	
  affected	
  by	
  AE	
  often	
  suffer	
  of	
  S.	
  aureus	
  skin	
  colonization	
  that	
  aggravates	
  

the	
   outcome	
  of	
   the	
  disease.	
   IL-­‐17	
   is	
   a	
   key	
   cytokine	
  mediating	
   epithelial	
   innate	
  

immune	
  responses	
  against	
  extracellular	
  pathogens.	
  	
  

In	
  the	
  present	
  study,	
  I	
  sought	
  to	
  investigate	
  the	
  contribution	
  of	
  IL-­‐17	
  producing	
  

T	
  cells	
  to	
  the	
  antimicrobial	
  immune	
  responses	
  of	
  AE	
  patients.	
  	
  

About	
  10%	
  of	
  T	
   cells	
   infiltrating	
   the	
   skin	
  of	
  AE	
  patients	
  were	
  producing	
   IL-­‐17	
  

upon	
   PMA/ionomycin	
   stimulation.	
   I	
   identified	
   antigen	
   specific	
   Th0/IL-­‐17	
   and	
  

Th2/IL-­‐17	
   producing	
   T	
   cells	
   infiltrating	
   the	
   skin	
   of	
   AE	
   patients.	
   The	
   cognate	
  

antigen	
  was	
  effectively	
  inducing	
  the	
  release	
  of	
  IFN-­‐γ	
  and	
  IL-­‐4	
  by	
  specific	
  Th2/IL-­‐

17	
   and	
   Th0/IL-­‐17	
   T	
   cell	
   clones,	
   whereas	
   was	
   not	
   sufficient	
   for	
   an	
   efficient	
  

induction	
  of	
  IL-­‐17.	
  IL-­‐17	
  secretion	
  by	
  Th2/IL-­‐17	
  T	
  cell	
  clones	
  was	
  boosted	
  by	
  the	
  

S.	
  aureus–derived	
  super-­‐antigen	
  staphylococcus	
  enterotoxin	
  B	
  (SEB),	
  but	
  not	
  by	
  

tissue	
  environmental	
  cytokines	
  such	
  as	
  IL-­‐23,	
  IL-­‐1β,	
  or	
  IL-­‐6.	
  IL-­‐17	
  induced	
  beta-­‐

defensin-­‐2	
   (HBD-­‐2)	
   release	
   in	
   keratinocytes	
   in	
   both,	
   healthy	
   and	
   AE	
   subjects.	
  

However,	
   the	
   Th2	
   cytokines	
   IL-­‐4	
   and	
   IL-­‐13	
   reduced	
   the	
   IL-­‐17	
   mediated	
  

induction	
  of	
  HBD-­‐2.	
   In	
  vivo,	
   additional	
   application	
  of	
   SEB	
   to	
   a	
  house	
  dust	
  mite	
  

atopy-­‐patch-­‐test	
  reaction	
  boosted	
  the	
  secretion	
  of	
   IL-­‐17	
  and	
  HBD-­‐2	
  in	
  the	
  skin,	
  

but	
  only	
  marginally	
  the	
  one	
  of	
  IL-­‐4,	
  IFN-­‐γ,	
  and	
  IL-­‐10.	
  	
  

In	
   conclusion,	
   IL-­‐17	
  producing	
  T	
  cells	
   infiltrate	
   the	
   skin	
  of	
  patients	
  affected	
  by	
  

AE.	
  The	
  cognate	
  antigen	
  is	
  not	
  sufficient	
  for	
  the	
  full	
  induction	
  of	
  IL-­‐17	
  by	
  specific	
  

T	
  cells,	
  while	
  bacterial-­‐derived	
  super-­‐antigens	
   trigger	
   IL-­‐17	
  production.	
  A	
  Th2-­‐

dominated	
  skin	
  microenvironment	
  impairs	
  the	
  IL-­‐17-­‐dependent	
  up-­‐regulation	
  of	
  

HBD-­‐2	
   contributing	
   to	
   the	
   susceptibility	
   of	
   AE	
   patients	
   to	
   colonization	
   of	
   S.	
  	
  

aureus.	
  	
  

	
  

5.2	
   Publication	
   2:	
   IL-­‐17	
   amplifies	
   human	
   contact	
   hypersensitivity	
   by	
  

licensing	
  hapten	
  nonspecific	
  Th1	
  cells	
  to	
  kill	
  autologous	
  keratinocytes	
  

Allergic	
  contact	
  dermatitis	
   is	
  a	
  self-­‐limited	
  skin	
   immune	
  disorder	
  characterized	
  

by	
  robust	
  epithelial	
  damage.	
  Recently,	
  a	
  new	
  T	
  cell	
  subset	
  named	
  Th17	
  has	
  been	
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shown	
   to	
   be	
   involved	
   in	
   autoimmune	
   disorders	
   and	
   immune	
   responses	
   to	
  

pathogens.	
   In	
   this	
   study,	
   I	
   aimed	
   to	
   investigate	
   the	
   contribution	
   of	
   IL-­‐17-­‐

producing	
  T	
  cells	
  to	
  the	
  pathogenesis	
  of	
  ACD.	
  	
  

IL-­‐17	
  was	
  expressed	
  in	
  skin	
  of	
  patients	
  affected	
  by	
  ACD	
  by	
  heterogeneous	
  IL-­‐17	
  

producing	
   T	
   cell	
   subsets.	
   Although	
   pure	
   Th17	
   infiltrated	
   ACD	
   skin,	
   hapten	
  

specificity	
  was	
  restricted	
  to	
  Th1/IL-­‐17,	
  Th0/IL-­‐17	
  and	
  Th2/IL-­‐17	
  T	
  cell	
  subsets.	
  

Compared	
  to	
  Th1	
  cells,	
  Th1/IL-­‐17	
  induced	
  similar	
  amounts	
  of	
  CXCL8,	
   IL-­‐6,	
  and	
  

HBD-­‐2	
  in	
  keratinocytes.	
  However,	
  Th1/IL-­‐17	
  T	
  cells	
  were	
  inducing	
  more	
  ICAM-­‐1	
  

expression	
   on	
   keratinocytes	
   compared	
   to	
   Th1	
   cells.	
   The	
   increased	
   ICAM-­‐1	
  

expression	
   by	
   keratinocytes	
   in	
   turn	
   increased	
   the	
   adhesiveness	
   of	
   T	
   cells	
   to	
  

keratinocytes	
   and	
   promoted	
   the	
   ICAM-­‐1-­‐dependent	
   antigen	
   non-­‐specific	
   T	
   cell	
  

killing.	
  	
  

In	
   conclusion,	
   Th1/IL-­‐17	
   is	
   the	
   most	
   common	
   specific	
   IL-­‐17	
   producing	
   T	
   cell	
  

subset,	
   among	
   the	
   one	
   infiltrating	
   the	
   skin	
   of	
   patients	
   affected	
   by	
   ACD.	
   In	
  

presence	
  of	
  IFN-­‐γ,	
  IL-­‐17	
  enables	
  non-­‐specific	
  Th1	
  cells	
  to	
  damage	
  the	
  epithelium	
  

amplifying	
  the	
  extent	
  of	
  T	
  cell	
  mediated	
  epithelial	
  damage.	
  

	
  

5.3	
   Publication	
   3:	
   Th22	
   cells	
   represent	
   a	
   distinct	
   human	
   T	
   cell	
   subset	
  

involved	
  in	
  epidermal	
  immunity	
  and	
  remodeling	
  

Interleukin-­‐22	
   is	
   a	
   cytokine	
   involved	
   in	
   inflammatory	
   and	
   wound	
   healing	
  

processes.	
  Interleukin-­‐22	
  has	
  been	
  shown	
  to	
  be	
  expressed	
  by	
  Th1	
  cells	
  and	
  more	
  

recently	
  by	
  Th17	
  as	
  well	
  as	
  a	
  subpopulation	
  of	
  NK	
  cells.	
  In	
  this	
  work,	
  I	
  identified	
  

a	
  T	
  cell	
  subset	
  characterized	
  by	
  the	
  production	
  of	
  IL-­‐22	
  and	
  TNF-­‐α,	
  but	
  that	
  lacks	
  

expression	
  of	
  IFN-­‐γ,	
  IL-­‐4	
  and	
  IL-­‐17.	
  These	
  so	
  called	
  “Th22”	
  cells	
  infiltrate	
  the	
  skin	
  

of	
  patients	
  affected	
  by	
  psoriasis,	
  AE	
  and	
  ACD.	
  Th22	
  T	
  cell	
  clones	
  derived	
  from	
  T	
  

cells	
  expanded	
  from	
  psoriatic	
  patients	
  were	
  stable	
  when	
  cultured	
  with	
  cytokines	
  

involved	
   in	
   T	
   cell	
   polarization.	
   Th22	
   clones	
   showed	
   distinct	
   transcriptome	
  

profiles	
  compared	
  to	
  Th1,	
  Th2,	
  and	
  Th17	
  clones.	
  The	
  Th22	
  cytokines	
  TNF-­‐α	
  and	
  

IL-­‐22	
   were	
   synergistically	
   promoting	
   innate	
   immune	
   responses	
   in	
   primary	
  

keratinocytes.	
   Moreover,	
   Th22	
   supernatant	
   promoted	
   in	
   vitro	
   wound	
   healing,	
  

which	
  was	
  exclusively	
  dependent	
  on	
  IL-­‐22.	
  	
  

In	
  conclusion,	
  our	
  study	
  identifies	
  a	
  new	
  T	
  cell	
  subset	
  lineage	
  named	
  Th22	
  that	
  is	
  

modulating	
   epithelial	
   cell	
   functions	
   towards	
   innate	
   immune	
   responses	
   and	
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remodeling.	
  	
  

	
  

5.4	
  Publication	
  4:	
  IL-­‐22	
  and	
  TNF-­‐α 	
  represent	
  a	
  key	
  cytokine	
  combination	
  for	
  

epidermal	
  integrity	
  during	
  infection	
  with	
  Candida	
  albicans	
  

The	
   newly	
   identified	
   Th22	
   cell	
   subset	
   has	
   been	
   described	
   to	
   produce	
   IL-­‐22	
   in	
  

combination	
  with	
  TNF-­‐α	
  and	
  to	
  be	
  involved	
  in	
  epidermal	
  immune	
  responses.	
  	
  

Aim	
  of	
  the	
  present	
  study	
  was	
  to	
  evaluate	
  the	
  contribution	
  of	
  Th22	
  cells	
  to	
  innate	
  

immune	
  responses	
  against	
  C.	
  albicans.	
  	
  

I	
   show	
   that	
   IL-­‐22	
   reinforces	
   the	
  TNF-­‐α-­‐mediated	
   activation	
   of	
   primary	
   human	
  

keratinocytes.	
   This	
   synergism	
   of	
   IL-­‐22	
   and	
   TNF-­‐α	
   induces	
   several	
   molecules	
  

involved	
   in	
   innate	
   immunity	
   such	
   as	
   complement	
   factors,	
   chemokines	
   and	
  

antimicrobial	
   peptides.	
   Intracellularly,	
   the	
   synergism	
   is	
   mediated	
   by	
   MAP	
  

kinases	
   and	
   AP-­‐1	
   family	
   transcription	
   factors.	
   In	
   an	
   in	
   vitro	
   Candida	
   infection	
  

model,	
  the	
  combination	
  of	
  IL-­‐22	
  and	
  TNF-­‐α	
  as	
  well	
  as	
  supernatant	
  derived	
  from	
  

Th22	
  clones,	
  effectively	
  reduced	
  growth	
  of	
  C.	
  albicans	
  in	
  the	
  same	
  strength	
   like	
  

IL-­‐17.	
  However,	
  only	
  the	
  combination	
  of	
   IL-­‐22	
  and	
  TNF-­‐α	
  or	
  Th22	
  supernatant	
  

was	
  able	
  to	
  protect	
  the	
  integrity	
  of	
  the	
  epidermal	
  barrier	
  in	
  a	
  3D	
  skin	
  infection	
  

model	
  compared	
  to	
  IFN-­‐γ,	
  IL-­‐17,	
  IL-­‐22	
  or	
  TNF-­‐α	
  alone.	
  	
  

In	
   conclusion,	
   I	
   showed	
   that	
   IL-­‐22	
  and	
  TNF-­‐α	
   act	
   synergistically	
   to	
  protect	
   the	
  

epithelium	
  from	
  C.	
  albicans	
  infection.	
  	
  

	
  

5.5	
   Publication	
   5:	
   IL-­‐22	
   suppresses	
   IFN-­‐γ-­‐mediated	
   lung	
   inflammation	
   in	
  

asthmatic	
  patients	
  

Asthma	
   is	
   a	
   chronic	
   inflammatory	
   lung	
   disease	
   characterized	
   by	
   an	
   excessive	
  

tissue	
  remodeling.	
  The	
  role	
  of	
  IL-­‐22	
  in	
  lung	
  inflammation	
  is	
  controversial.	
  On	
  the	
  

one	
  hand,	
  IL-­‐22	
  amplifies	
  the	
  pro-­‐inflammatory	
  effects	
  of	
  IL-­‐17	
  in	
  mouse	
  models	
  

of	
   asthma.	
   On	
   the	
   other	
   hand,	
   in	
   absence	
   of	
   IL-­‐17,	
   IL-­‐22	
   ameliorates	
   lung	
  

inflammation.	
  	
  

In	
  the	
  present	
  study,	
  I	
  aimed	
  to	
  explore	
  the	
  anti-­‐inflammatory	
  properties	
  of	
  IL-­‐

22	
   in	
   human	
   asthma.	
   The	
   data	
   highlight	
   a	
   functional	
   tissue-­‐restricted	
   mutual	
  

antagonism	
   of	
   IL-­‐22	
   and	
   IFN-­‐γ.	
   Induction	
   of	
   the	
   antimicrobial	
   peptide	
   S100A7	
  

and	
  bronchial	
   epithelial	
   cell	
  migration	
  mediated	
  by	
   IL-­‐22	
  were	
  antagonized	
  by	
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IFN-­‐γ.	
   Conversely,	
   IL-­‐22	
   reduced	
  T	
   cell–mediated	
  damage	
  of	
   the	
   epithelium	
  by	
  

reducing	
   the	
   MHC-­‐I,	
   MHC-­‐II	
   and	
   CD54/ICAM-­‐1	
   expression	
   induced	
   by	
   IFN-­‐γ.	
  

Moreover,	
   IL-­‐22	
   decreased	
   IFN-­‐γ	
   mediated	
   induction	
   of	
   pro-­‐inflammatory	
  

chemokines	
  such	
  as	
  CCL5/RANTES	
  and	
  CXCL10/IP-­‐10	
  in	
  vitro.	
  In	
  line	
  with	
  these	
  

results,	
  expression	
  of	
  IL-­‐22	
  in	
  bronchoalveolar	
  lavage	
  (BAL)	
  fluids	
  collected	
  from	
  

asthmatic	
   patients	
   inversely	
   correlated	
  with	
   CCL5/RANTES	
   and	
   CXCL10/IP-­‐10	
  

expression.	
  	
  

In	
  conclusion,	
   IL-­‐22	
  has	
   the	
  potential	
   to	
  control	
   the	
  extent	
  of	
   IFN-­‐γ–driven	
  and	
  

epithelial	
  cell-­‐mediated	
  lung	
  inflammation.	
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6.	
  Discussion	
  
	
  

In	
  this	
  thesis	
  I	
  demonstrated	
  that	
  functions	
  of	
  IL-­‐17	
  and	
  IL-­‐22	
  differ	
  depending	
  

from	
  the	
  inflammatory	
  context	
  considered71.	
  I	
  give	
  four	
  examples	
  of	
  a	
  local	
  tissue	
  

inflammatory	
   environment	
   influencing	
   IL-­‐17	
   and	
   IL-­‐22	
   effects	
   and	
   I	
   describe	
  

how	
   these	
   conditions	
   shape	
   the	
   outcome	
   of	
   human	
   diseases.	
   Moreover,	
   I	
  

demonstrated	
   that	
   the	
   co-­‐production	
   of	
   more	
   than	
   one	
   signature	
   cytokine	
  

determine	
  distinct	
   functions	
  of	
   “non-­‐canonic”	
   compared	
   to	
   the	
   “canonic”	
  T	
   cell	
  

subsets.	
  	
  	
  

	
  

6.1	
  Tissue	
  infiltrating	
  T	
  cell	
  subsets,	
  specificity	
  and	
  plasticity	
  

Since	
  the	
  discovery	
  of	
  Th1	
  and	
  Th2	
  cells	
  by	
  Mosmann	
  et	
  al.	
  the	
  T	
  cell	
  family	
  was	
  

initially	
  extended	
  to	
  T	
  regulatory	
  and	
  Th17	
  cells.	
  Paralleling	
  the	
  improvement	
  of	
  

technologies,	
   new	
  T	
   cell	
   subsets	
   such	
   as	
  Th2225,26,24	
   and	
  Th930	
   cells	
   joined	
   the	
  

family,	
  recently.	
  However,	
  the	
  classical	
  grouping	
  scheme	
  of	
  Mosmann	
  et	
  al	
  has	
  its	
  

limits	
  in	
  explaining	
  T	
  cells	
  that	
  co-­‐express	
  more	
  than	
  one	
  signature	
  cytokine.	
  	
  

	
  

I	
  identified	
  a	
  distinct	
  IL-­‐22	
  producing	
  T	
  cell	
  subset	
  that	
  is	
  lacking	
  the	
  production	
  

of	
   the	
  other	
   signature	
   cytokines	
   IL-­‐17,	
   IFN-­‐γ	
   and	
   IL-­‐424.	
  This	
  T	
   cell	
   subset	
  was	
  

stable	
   in	
  culture	
  and	
  expressed	
   little	
  or	
  none	
  RORC,	
  GATA-­‐3	
  or	
  T-­‐bet.	
  The	
   idea	
  

that	
   this	
   so-­‐called	
   Th22	
   cells	
   are	
   an	
   independent	
   T	
   cell	
   subset	
   is	
   further	
  

supported	
   by	
   other	
   studies	
   showing	
   that	
   Th22	
   cells	
   develop	
   from	
   the	
   naïve	
  

compartment	
   by	
   a	
   distinct	
   polarization	
   condition	
   and	
   that	
   this	
   polarization	
   is	
  

driven	
   by	
   plasmacytoid	
   dendritic	
   cells	
   (pDC)	
   rather	
   than	
   conventional	
   DC	
  

(cDC)25.	
  

Consistently	
   with	
   previous	
   evidences	
   suggesting	
   that	
   Th22	
   cells	
   express	
   skin	
  

homing	
   receptors	
   such	
   as	
   CCR10,	
   CCR4	
   and	
  CLA,	
   I	
   found	
   that	
  Th22	
   cells	
  were	
  

enriched	
   in	
   the	
   epidermis	
   of	
   patients	
   affected	
   by	
   psoriasis,	
   atopic	
   eczema	
   and	
  

allergic	
   contact	
   dermatitis24.	
   Together	
   with	
   the	
   evidence	
   that	
   tissue	
   cells	
  

selectively	
  express	
  the	
  IL-­‐22	
  receptor72,	
  Th22	
  cells	
  appear	
  to	
  play	
  their	
  main	
  role	
  

in	
   the	
   instruction	
  of	
   tissue	
   cells	
   rather	
   than	
  helping	
  B	
   cells	
   in	
   immunoglobulin	
  

production.	
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It	
  is	
  increasingly	
  appreciated	
  that	
  tissue	
  infiltrating	
  T	
  cells	
  are	
  heterogeneous	
  in	
  

terms	
   of	
   cytokine	
   production.	
   In	
   fact,	
   besides	
   Th22	
   other	
   T	
   cell	
   subsets	
   are	
   a	
  

source	
  of	
  IL-­‐22	
  in	
  the	
  skin.	
  I	
  found	
  T	
  cells	
  co-­‐producing	
  IFN-­‐γ,	
  IL-­‐4	
  and/or	
  IL17	
  

together	
  with	
  IL-­‐2224,73.	
  This	
  heterogeneity	
  may	
  be	
  the	
  result	
  of	
  the	
  instability	
  of	
  

some	
  T	
  cells4,31,74.	
  While	
  Th22	
  cells	
  are	
  stable	
  in	
  vitro,	
  Th17	
  cells	
  are	
  sensitive	
  to	
  

the	
   effects	
   of	
   other	
   molecules75.	
   It	
   has	
   been	
   shown	
   that	
   agonists	
   of	
   the	
   aryl	
  

hydrocarbon	
  receptor	
  (AHR)	
   inhibit	
   IL-­‐17	
  while	
  promoting	
  IL-­‐22	
  expression	
   in	
  

Th17	
   cells26.	
   Ligands	
   include	
   environmental	
   toxins,	
   and	
   endogenous	
   ligands,	
  

such	
   as	
   heme	
   metabolites,	
   indigoids,	
   dietary	
   components,	
   and	
   tryptophan	
  

metabolites76.	
  Therefore,	
   factors	
   released	
  during	
   tissue	
  damages	
  may	
   influence	
  

the	
  Th17/Th22	
  balance.	
  This	
  observation	
   indicates	
   that	
  Th17	
  might	
   terminally	
  

differentiate	
  into	
  Th22	
  cells	
  in	
  the	
  tissue	
  upon	
  AHR	
  activation.	
  	
  

	
  

The	
   highly	
   plastic	
   phenotype	
   of	
   Th17	
   cells	
   is	
   in	
   line	
   with	
   our	
   finding	
   that	
  

heterogenic	
  IL-­‐17	
  producing	
  T	
  cells	
  infiltrate	
  the	
  skin	
  of	
  patients	
  affected	
  by	
  AE28	
  

and	
  ACD77.	
  Besides	
  Th17,	
   I	
   found	
   IL-­‐17	
  being	
  co-­‐produced	
  with	
   IFN-­‐γ	
   (Th1/IL-­‐

17)	
  and	
  IL-­‐4	
  (Th2/IL-­‐17).	
  It	
  is	
  in	
  debate	
  if	
  Th1/IL-­‐17-­‐	
  and	
  Th2/IL-­‐17-­‐producing	
  

cells	
  are	
  generated	
  by	
  the	
  naïve	
  compartment	
  upon	
  special	
  conditions	
  or	
  if	
  they	
  

originate	
  from	
  Th17	
  plasticity75,78.	
  	
  

Th1/IL-­‐17	
   cells	
   have	
   been	
   observed	
   in	
   healthy	
   as	
  well	
   as	
   patients	
   affected	
   by	
  

Crohn’s	
   disease75.	
   The	
   chemokine	
   receptor	
   repertoire	
   of	
   these	
   cells	
   is	
   slightly	
  

different	
  compared	
  to	
  Th17	
  cells22.	
  However,	
  it	
  has	
  been	
  shown	
  that	
  stimulation	
  

with	
   IL-­‐12	
   induces	
   T-­‐bet	
   and	
   IFN-­‐γ	
   expression	
   in	
   Th17	
   clones	
   while	
   IL-­‐23	
  

reduces	
  their	
  expression,	
  indicating	
  that	
  Th1/IL-­‐17	
  may	
  generate	
  from	
  memory	
  

Th17	
  cells75.	
  	
  

	
  

In	
   contrast,	
   Th2/IL-­‐17	
   cells	
   have	
   been	
   shown	
   to	
   generate	
   from	
   the	
   naïve	
  

compartment	
   when	
   IL-­‐4	
   is	
   added	
   to	
   the	
   Th17	
   polarization	
   condition78.	
   These	
  

cells	
  co-­‐express	
  RORC	
  and	
  GATA3,	
  the	
  master	
  transcription	
  factors	
  of	
  both	
  Th17	
  

and	
   Th2	
   cells.	
   Thus,	
   the	
   heterogeneity	
   of	
   T	
   cell	
   subsets	
   infiltrating	
   the	
   tissue	
  

maybe	
   a	
   consequence	
   of	
   the	
   balance	
  between	
  T	
   cell	
   polarization	
  of	
   naïve	
   cells	
  

and	
  T	
  cell	
  plasticity	
  of	
  effector	
  cells.	
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The	
  specificity	
  of	
  pure	
  Th17	
  and	
  Th22	
  cells	
  is	
  still	
  a	
  matter	
  of	
  debate.	
  Pure	
  Th17	
  

cells	
   have	
   been	
   found	
   to	
   be	
   specific	
   for	
   C.	
   albicans	
   and	
   S.	
   aureus	
   while	
   the	
  

specificity	
  of	
  Th22	
  cells	
   is	
   still	
  unknown22,79.	
   It	
  has	
  been	
  shown	
  recently	
   that	
  a	
  

subset	
   of	
   IL-­‐22-­‐“only	
   producing”	
   CD4+	
   cells	
   were	
   activated	
   after	
   encounter	
   of	
  

CD1a	
   expressed	
   by	
   autologous	
   tissue	
   cells.	
   But	
   it	
   is	
   still	
   unclear	
   if	
   these	
   auto-­‐

reactive	
  CD4+	
  cells	
  are	
  Th22	
  cells	
  or	
  “NK-­‐like”	
  immune	
  cells80.	
  	
  

Although	
   pure	
   Th17	
   and	
   Th22	
   cells	
   are	
   infiltrating	
   the	
   tissue	
   during	
   skin	
  

hypersensitivity	
  disorders,	
  they	
  did	
  not	
  show	
  allergen	
  reactivity	
  24,77.	
  By	
  cloning	
  

T	
   cells	
   out	
   of	
   allergen-­‐induced	
   eczema	
   lesions,	
   Nickel	
   and	
   Der	
   p	
   1-­‐specific	
  

Th1/IL-­‐17,	
   Th2/IL-­‐17,	
   Th0/IL-­‐17	
   clones	
   but	
   not	
   “pure	
   Th17	
   or	
   Th22”	
   clones	
  

could	
  have	
  been	
  identified	
  in	
  ACD	
  and	
  AE,	
  respectively28,77.	
  	
  

Thus,	
  while	
  Th1/IL-­‐17	
  and	
  Th2/IL-­‐17	
  are	
  responsive	
  to	
  the	
  cognate	
  allergen	
  and	
  

play	
  a	
  main	
  role	
  in	
  allergies,	
  the	
  role	
  of	
  pure	
  Th17	
  and	
  Th22	
  remains	
  unclear.	
  	
  

In	
   this	
   scenario,	
   Th1/IL-­‐17	
   and	
   Th2/IL-­‐17	
   could	
   be	
   the	
  main	
   IL-­‐17-­‐producing	
  

cells	
   during	
   allergic	
   reactions,	
   while	
   pure	
   Th17	
   cells	
   are	
   mainly	
   involved	
   in	
  

chronic	
  and/or	
  pathogen	
  related	
  diseases43,79,81.	
  This	
  hypothesis	
  would	
  be	
  in	
  line	
  

with	
  the	
  effectiveness	
  of	
  anti-­‐IL-­‐23	
  therapy	
  in	
  Psoriasis	
  but	
  not	
  in	
  ACD81.	
  

	
  

6.2	
  IL-­‐17	
  in	
  Atopic	
  Eczema	
  	
  

Th2	
   cells	
   and	
   cytokines	
   dominate	
   the	
   initial	
   phase	
   of	
   an	
   AE	
   reaction47.	
   In	
   this	
  

context,	
   I	
   identified	
  a	
  previous	
  unknown	
  Th17	
  subset	
   that	
   is	
  co-­‐producing	
   IL-­‐4	
  

and	
   IL-­‐17	
   and	
   named	
   “Th2/IL-­‐17	
   cells”.	
   The	
   existence	
   of	
   this	
   subset	
   has	
   been	
  

further	
   confirmed	
  by	
   other	
   authors	
   in	
  Th2	
  diseases	
   and	
   it	
   has	
   been	
   suggested	
  

that	
  these	
  cells	
  derive	
  from	
  Th17	
  cells78.	
  	
  	
  

Although	
   Th2/IL-­‐17	
   cells	
   were	
   producing	
   both	
   IL-­‐4	
   and	
   IL-­‐17	
   upon	
   a	
   strong	
  

stimulation	
   such	
   as	
   PMA/Ionomycin28,	
   they	
   were	
   releasing	
   IL-­‐4	
   but	
   not	
   IL-­‐17	
  

when	
  exposed	
  to	
  the	
  cognate	
  antigen	
  Der	
  p	
  1.	
  This	
  observation	
  indicates	
  firstly	
  

that	
  Th2/IL-­‐17	
   cells	
   behave	
   as	
  Th2	
   cells	
  when	
  exposed	
   to	
   the	
   cognate	
   antigen	
  

contributing	
   to	
   the	
   establishment	
   of	
   a	
   Th2	
   dominated	
   environment	
   in	
   AE.	
  

Secondly,	
   recognition	
   of	
   the	
   antigen	
   presented	
   by	
   DC	
   is	
   not	
   sufficient	
   for	
   full	
  

activation	
   of	
   a	
  multi-­‐potent	
   T	
   cell,	
   and	
   that	
   secretion	
   of	
   some	
   T	
   cell	
   cytokines	
  

may	
  require	
  additional	
  signals.	
  	
  

	
  



	
   28	
  

I	
   investigated	
   if	
   local	
   environmental	
   factors	
   may	
   influence	
   the	
   Th2/IL-­‐17	
  

functionality28.	
  	
  I	
  exposed	
  Th2/IL-­‐17	
  clones	
  to	
  the	
  Th17	
  related	
  cytokines	
  IL-­‐23,	
  

IL-­‐1b	
  and	
  IL-­‐1220,82.	
  Moreover,	
  since	
  the	
  skin	
  of	
  AE	
  patients	
  is	
  often	
  colonized	
  by	
  

S.	
   aureus,	
   I	
   further	
   stimulated	
   Th2/IL-­‐17	
   clones	
   with	
   S.	
   aureus	
   enterotoxin	
   B	
  

(SEB).	
  When	
  Th2/IL-­‐17	
  clones	
  were	
  exposed	
  to	
  SEB,	
  but	
  not	
  to	
  cytokines	
  such	
  as	
  

IL-­‐23,	
   IL-­‐1b	
   and	
   IL-­‐12,	
   the	
   production	
   of	
   IL-­‐17	
   was	
   boosted.	
   Similar	
   to	
   Th17	
  

cells,	
   Th2/IL-­‐17	
   are	
   committed	
   to	
   S.	
   aureus	
   responses	
   but	
   show	
   a	
   double	
  

threshold	
   of	
   activation.	
   In	
   response	
   to	
   the	
   cognate	
   antigen	
   they	
   behave	
   as	
  

common	
   Th2	
   cells	
   but	
   in	
   presence	
   of	
   S.	
   aureus	
   they	
   respond	
   with	
   additional	
  

secretion	
   of	
   IL-­‐1728.	
   Thus,	
   S.	
   aureus	
   colonization	
   differentially	
   directs	
   a	
   Th2	
  

dominated	
  reaction	
  towards	
  an	
  IL-­‐4/IL-­‐17	
  response	
  by	
  affecting	
  the	
  single	
  T	
  cell	
  

behavior.	
   This	
   finding	
   underlines	
   the	
   role	
   of	
   a	
   local	
   tissue	
   inflammatory	
  

environment	
  in	
  modulating	
  the	
  function	
  of	
  infiltrating	
  T	
  cells.	
  	
  

	
  

The	
   influence	
  of	
  an	
   inflammatory	
  microenvironment	
  on	
  the	
  disease	
  outcome	
   is	
  

not	
  restricted	
  to	
  effects	
  of	
  inflammatory	
  factors	
  on	
  T	
  cells	
  but	
  extended	
  to	
  effects	
  

on	
   epithelial	
   cells.	
   In	
   fact,	
   a	
   Th2-­‐dominated	
   environment	
   impaired	
   the	
   IL-­‐17	
  

induced	
  beta-­‐defensin-­‐2	
  (HBD-­‐2)	
  release	
  by	
  keratinocytes28.	
  This	
  evidence	
  is	
  in	
  

line	
  with	
  previous	
  studies	
  showing	
  an	
  impaired	
  beta-­‐defensin-­‐2	
  expression	
  in	
  AE	
  

patients51.	
   Thus,	
   by	
   reducing	
   the	
   efficiency	
   of	
   the	
   IL-­‐17/HBD-­‐2	
   axis	
   a	
   Th2	
  

dominated	
   environment	
   contributes	
   to	
   the	
   continuous	
   S.	
   aureus	
   skin	
  

colonization	
  in	
  AE	
  patients.	
  

	
  
6.3	
  IL-­‐17	
  promotes	
  tissue	
  damage	
  in	
  Allergic	
  Contact	
  Dermatitis	
  

While	
   IL-­‐17	
   effects	
   are	
   inhibited	
   by	
   IL-­‐428,	
   IL-­‐17	
   amplifies	
   the	
   epithelial	
   cell	
  

damage	
   in	
   a	
   Th1	
   dominated	
   environment77.	
   In	
   presence	
   of	
   IFN-­‐γ,	
   IL-­‐17	
  

intensifies	
   the	
   epithelial	
   damage	
   by	
   enabling	
   non-­‐antigen-­‐specific	
   T	
   cells	
   to	
  

induce	
  epithelial	
  cell	
  apoptosis.	
  

IL-­‐17	
  is	
  known	
  to	
  contribute	
  to	
  the	
  pathogenesis	
  of	
  several	
  autoimmune	
  diseases	
  

via	
   recruitment	
   of	
   granulocytes	
   to	
   the	
   site	
   of	
   inflammation63.	
   Similar	
   to	
  

autoimmune	
   diseases,	
   blocking	
   of	
   IL-­‐17	
   in	
   mouse	
   models	
   of	
   contact	
  

hypersensitivity	
  (CHS)	
  has	
  been	
  shown	
  to	
  ameliorate	
  CHS	
  by	
  reducing	
  numbers	
  

of	
   infiltrating	
   granulocytes64.	
   Although	
   IL-­‐17	
   induces	
   production	
   of	
   the	
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neutrophil	
   chemoattractant	
   CXCL8	
   in	
   human	
   keratinocytes34,	
   neutrophilic	
  

infiltration	
  in	
  ACD	
  is	
  a	
  rare	
  event	
  implying	
  that	
  the	
  role	
  of	
  IL-­‐17	
  is	
  not	
  limited	
  to	
  

neutrophil	
  recruitment.	
  This	
  discrepancy	
  highlights	
  how	
  mouse	
  models	
  differ	
  in	
  

some	
  features	
  from	
  human	
  diseases.	
  Cytokines	
  expressed	
  in	
  ACD	
  but	
  not	
  in	
  CHS	
  

may	
  be	
  specifically	
  inhibiting	
  the	
  IL-­‐17	
  dependent	
  neutrophilic	
  recruitment4.	
  	
  

In	
  ACD,	
  IL-­‐17	
  is	
  produced	
  in	
  presence	
  or	
  together	
  with	
  IFN-­‐γ77.	
  In	
  fact,	
  the	
  ACD	
  

skin	
   environment	
   is	
   dominated	
   by	
   IFN-­‐γ.	
   Moreover,	
   Th1/IL-­‐17	
   is	
   the	
   hapten-­‐

specific	
   and	
  most	
   abundant	
   IL-­‐17	
   producing	
   T	
   cell	
   subset	
   infiltrating	
   the	
   skin	
  

during	
  ACD.	
  

The	
   co-­‐production	
   of	
   IL-­‐17	
   and	
   IFN-­‐γ	
   established	
   a	
   unique	
   tissue	
   signature	
  

profile	
   of	
   Th1/IL-­‐17	
   cells77.	
   On	
   the	
   one	
   hand	
   Th1/IL-­‐17	
   cells	
   were	
   inducing	
  

similar	
  mediators	
   in	
  human	
  keratinocytes	
  compared	
   to	
  Th17	
  cells	
   such	
  as	
   IL-­‐6	
  

and	
  HBD-­‐2.	
   On	
   the	
   other	
   hand,	
   Th1/IL-­‐17	
  were	
   inducing	
   less	
   CCL-­‐5	
   but	
  more	
  

ICAM-­‐1	
  expression	
   in	
  keratinocytes	
  when	
  compared	
  to	
  Th1	
  cells.	
   Indeed,	
   IL-­‐17	
  

synergistically	
   up-­‐regulated	
   IFN-­‐γ	
   mediated	
   ICAM-­‐1	
   expression	
   that	
   in	
   turn	
  

stabilized	
   the	
   T-­‐cell-­‐keratinocyte	
   contact	
   allowing	
   non-­‐specific	
   Th1	
   cells	
   to	
  

induce	
  keratinocyte	
  apoptosis77.	
  This	
  mechanism	
  virtually	
  involves	
  the	
  totality	
  of	
  

non-­‐antigen-­‐specific	
   Th1	
   cells	
   infiltrating	
   the	
   skin.	
   Therefore,	
   non-­‐specific	
  

infiltrating	
  cells	
  might	
  turn	
  from	
  spectators	
  to	
  direct	
  actors	
  in	
  tissue	
  damage	
  in	
  

presence	
  of	
  an	
  IFN-­‐γ/IL-­‐17	
  dominated	
  environment.	
  	
  

Further	
   studies	
  are	
  needed	
   to	
  evaluate	
   the	
   role	
  of	
  non-­‐specific	
  T	
  cell	
  mediated	
  

cytotoxicity	
  caused	
  by	
  Th1/IL-­‐17	
  in	
  autoimmune/auto-­‐inflammatory	
  diseases.	
  

	
  

6.4	
  IL-­‐22	
  maintains	
  epidermal	
  integrity	
  upon	
  Candida	
  albicans	
  infection	
  

The	
  role	
  of	
  IL-­‐22	
  in	
  inflammatory	
  skin	
  diseases	
  is	
  unclear.	
  The	
  effects	
  of	
  IL-­‐22	
  on	
  

epithelial	
  cells	
  are	
  limited	
  to	
  the	
  modulation	
  of	
  a	
  small	
  amount	
  of	
  genes83.	
  Alone,	
  

IL-­‐22	
  is	
  inducing	
  genes	
  involved	
  in	
  epithelial	
  cell	
  migration	
  and	
  differentiation84.	
  

Besides	
   anti-­‐microbial	
   peptides,	
   IL-­‐22	
   is	
   not	
   inducing	
   pro-­‐inflammatory	
  

chemokines	
   suggesting	
   a	
   major	
   role	
   in	
   innate	
   and	
   tissue	
   protective	
  

responses24,85.	
  	
  

In	
  contrast	
   to	
  other	
  T	
  cell	
   subsets,	
  Th22	
  cells	
  promote	
  epithelial	
   cell	
  migration	
  

and	
   modulate	
   chemokines	
   and	
   innate	
   related	
   molecules	
   released	
   by	
  

keratinocytes24,81.	
  Although	
  it	
  has	
  not	
  been	
  proven	
  that	
  Th22	
  cells	
  mediate	
  tissue	
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remodeling	
   in	
   vivo,	
   IL-­‐22	
   has	
   been	
   shown	
   to	
   be	
   a	
   key	
   player	
   in	
   epithelial	
   cell	
  

proliferation	
  and	
  differentiation.	
  Mice	
   lacking	
  of	
   IL-­‐22	
  production	
  are	
   impaired	
  

in	
  regeneration	
  of	
   the	
   lung	
  epithelium86	
  and	
   thymus87	
  suggesting	
  an	
   important	
  

role	
  in	
  wound	
  healing.	
  Moreover,	
  Th22	
  cells	
  release	
  factors	
  such	
  as	
  FGFs	
  that	
  are	
  

also	
   involved	
   in	
   tissue	
   regeneration24.	
   Together	
   these	
   evidences	
   indicate	
   that	
  

Th22	
  cells	
  may	
  be	
  key	
  players	
  in	
  epithelial	
  remodeling.	
  	
  

	
  

While	
  the	
  Th22-­‐induced	
  epithelial	
  migration	
  is	
  mediated	
  by	
  IL-­‐22,	
  the	
  induction	
  

of	
   chemokines	
   and	
   cytokines	
   in	
   epithelial	
   cells	
   is	
   the	
   result	
   of	
   a	
   synergism	
  

between	
   IL-­‐22	
   and	
   TNF-­‐α24,85.	
   This	
   cytokine	
   combination	
   allows	
   Th22	
   cells	
   to	
  

effectively	
   activate	
   epithelial	
   cells.	
   Indeed,	
   TNF-­‐α	
   enhances	
   parts	
   of	
   the	
   IL-­‐22-­‐

mediated	
  effects	
  for	
  instance	
  the	
  IL-­‐22	
  induced	
  release	
  of	
  antimicrobial	
  peptides	
  

and	
   the	
   consequent	
   clearance	
   of	
  C.	
  albicans	
   85.	
   In	
   addition,	
   the	
   combination	
   of	
  

TNF-­‐α	
  and	
  IL-­‐22	
  is	
  as	
  powerful	
  as	
  IL-­‐17	
  in	
  the	
  induction	
  of	
  HBD-­‐2	
  indicating	
  that	
  

Th22	
   and	
   Th17	
   cells	
   have	
   some	
   redundant	
   functions.	
   However,	
   a	
   depletion	
   of	
  

both	
   subsets	
   caused	
   by	
   gain-­‐of	
   function	
   STAT1	
  mutation	
   can	
   lead	
   to	
   the	
   rare	
  

disease	
   chronic	
   mucocutaneous	
   candidiasis	
   (CMC),	
   where	
   infections	
   with	
   C.	
  

albicans	
  cannot	
  be	
  controlled	
  by	
  the	
  immune	
  system.	
  	
  

	
  

The	
   synergism	
   of	
   IL-­‐22	
   and	
   TNF-­‐α	
   is	
   not	
  mediated	
   by	
   the	
   classical	
   IL-­‐22	
   and	
  

TNF-­‐α	
   intracellular	
  pathways	
  but	
  by	
  the	
  activation	
  of	
  AP-­‐1	
  family	
  transcription	
  

factors	
  indicating	
  a	
  unique	
  tissue	
  signature	
  of	
  this	
  cytokine	
  combination85.	
  These	
  

results	
  are	
  in	
  line	
  with	
  the	
  role	
  of	
  IL-­‐22	
  in	
  CMC43	
  as	
  well	
  as	
  with	
  side	
  effects	
  of	
  

anti-­‐TNF-­‐α	
  therapy	
  such	
  as	
  skin	
  and	
  respiratory	
  infections88.	
  	
  

	
  

Similarly,	
  Th22	
  cells	
  efficiently	
  enhance	
  epithelial	
  cell	
  migration	
  and	
  C.	
  albicans	
  

clearance	
   suggesting	
   that	
   by	
   releasing	
   both	
   TNF-­‐α	
   and	
   IL-­‐22,	
   Th22	
   play	
   a	
   key	
  

role	
   in	
   protecting	
   the	
   integrity	
   of	
   the	
   tissues	
   from	
   damage	
   and	
   C.	
   albicans	
  

infection.	
  	
  	
  

	
  

6.5	
  Regulatory	
  role	
  of	
  IL-­‐22	
  in	
  asthma	
  

Studies	
   in	
   mouse	
   models	
   of	
   fibrosis	
   and	
   asthma	
   show	
   that	
   the	
   pro-­‐and	
   anti-­‐	
  

inflammatory	
  role	
  of	
   IL-­‐22	
   is	
   controlled	
  by	
  co-­‐expression	
  of	
   IL-­‐1771,89.	
  Another	
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study	
  shows	
  the	
  potential	
  of	
  IL-­‐22	
  to	
  inhibit	
  chemokine	
  release	
  and	
  recruitment	
  

of	
  inflammatory	
  cells	
  to	
  the	
  lung90.	
  

Paralleling	
   the	
   finding	
   in	
  mice,	
   IL-­‐22	
  reduces	
   the	
  chemokine	
  release	
  by	
  human	
  

bronchial	
   epithelial	
   cells73.	
   This	
   reduction	
   is	
   depending	
   from	
   the	
   mutual	
  

antagonistic	
  effects	
  of	
  IL-­‐22	
  and	
  IFN-­‐γ	
  on	
  epithelial	
  cells.	
  In	
  fact	
  in	
  presence	
  of	
  IL-­‐

22,	
  chemokine	
  release	
  such	
  as	
  CCL-­‐5,	
  CXCL-­‐10	
  and	
  T	
  cell	
  mediated	
  cytotoxicity	
  

induced	
   by	
   IFN-­‐γ	
   are	
   reduced.	
   The	
   antagonism	
   between	
   IL-­‐22	
   and	
   IFN-­‐γ	
  

highlights	
  an	
  anti-­‐inflammatory	
  role	
  of	
  IL-­‐22	
  in	
  mice	
  and	
  human.	
  

Notably,	
  IL-­‐22	
  is	
  inhibiting	
  the	
  expression	
  of	
  IFN-­‐γ	
  mediated	
  MHC-­‐I	
  on	
  epithelial	
  

cells73.	
  This	
   is	
  consistent	
  with	
  the	
  role	
  of	
   IL-­‐22	
  in	
  the	
  clearance	
  of	
  extracellular	
  

but	
  not	
  intracellular	
  pathogens42,91.	
  	
  

	
  

In	
   line	
  with	
   its	
  tissue	
  protective	
  role,	
   IL-­‐22	
  reduces	
  the	
  recruitment	
  of	
   immune	
  

cells	
  into	
  the	
  lung,	
  limits	
  an	
  excessive	
  T	
  cell	
  mediated	
  tissue	
  damage92,	
  promotes	
  

wound	
   repair	
   and	
   induction	
  of	
  molecules	
   involved	
   in	
   tissue	
   regeneration84.	
   By	
  

releasing	
   IL-­‐22	
   in	
   absence	
  of	
   IL-­‐17	
  or	
  other	
  pro-­‐inflammatory	
   cytokines,	
  Th22	
  

cells	
   might	
   therefore	
   mediate	
   tissue	
   protection	
   rather	
   than	
   pro-­‐inflammatory	
  

effects.	
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7.	
  Synthesis	
  
	
  

T	
   cell	
   cytokines	
   affect	
   the	
   tissues	
   according	
   to	
   the	
   local	
   inflammatory	
  

environment.	
  	
  

In	
   ACD	
   IL-­‐17	
   is	
   expressed	
   together	
   with	
   IFN-­‐γ	
   and	
   induces	
   overexpression	
   of	
  

ICAM-­‐1	
  on	
  epithelial	
   cells	
   increasing	
   the	
  adhesion	
  and	
  cytotoxicity	
  of	
  Th1	
  cells	
  

and	
  promoting	
   tissue	
  damage77.	
  On	
   the	
   contrary,	
   in	
  AE	
   IL-­‐17	
   is	
   expressed	
   in	
   a	
  

Th2-­‐dominated	
   environment	
   and	
   thus	
   in	
   presence	
   of	
   IL-­‐4.	
   In	
   this	
   context,	
   the	
  

antibacterial	
  effects	
  of	
  IL-­‐17	
  are	
  inhibited	
  leading	
  to	
  an	
  impaired	
  response	
  to	
  S.	
  

aureus	
   in	
   patients	
   affected	
   by	
   AE28.	
   IL-­‐22	
   reinforces	
   the	
   innate	
   immune	
  

responses	
  mediated	
  by	
  TNF-­‐α	
   reinforcing	
   the	
   response	
   against	
  C.	
  albicans	
   and	
  

promoting	
   innate	
   related	
   functions	
   of	
   Th1	
   cells24,85.	
   In	
   contrast	
   to	
   IL-­‐17,	
   IL-­‐22	
  

inhibits	
  the	
  IFN-­‐γ	
  mediated	
  pro-­‐inflammatory	
  effects	
  protecting	
  the	
  tissues	
  from	
  

T	
  cell-­‐mediated	
  damage73.	
  Thus	
  in	
  presence	
  of	
  Th1	
  mediators	
  IL-­‐22	
  ameliorates	
  

tissue	
  damage	
  but	
  enhances	
  Th1-­‐mediated	
  innate	
  immunity.	
  	
  

Therefore,	
   the	
   tissue	
   local	
   environment	
   strongly	
   affects	
   the	
   overall	
   function	
   of	
  

cytokines	
   and	
   the	
   disease	
   outcome.	
   Therapies	
   aiming	
   to	
   block	
   selectively	
   one	
  

cytokine	
  may	
  change	
  the	
  balance	
  between	
  synergistic	
  and	
  antagonistic	
  effects	
  of	
  

T	
   cell	
   cytokines	
   and	
   boost	
   the	
   effects	
   of	
   non-­‐targeted	
   cytokines.	
   This	
  

homeostasis	
  explains	
  why	
  therapeutical	
  effects	
  of	
  blocking	
  antibodies	
  targeting	
  

single	
   cytokines	
   are	
   often	
   below	
   the	
   expectation.	
   Thus,	
   effects	
   of	
   single	
  

inflammatory	
   mediators	
   should	
   be	
   considered	
   in	
   the	
   inflammatory	
   context.	
  

Therefore,	
  modulating	
  the	
  local	
  tissue	
  microenvironment	
  rather	
  targeting	
  single	
  

T	
  cell	
  cytokines	
  could	
  yield	
  the	
  development	
  of	
  novel	
  therapeutical	
  approaches.	
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IL-22 suppresses IFN-g–mediated lung inflammation in
asthmatic patients

Davide Pennino, MSc,a,d Pankaj K. Bhavsar, MD,b Renate Effner, BSc,a Simona Avitabile, PhD,c Pascal Venn, BSc,d

Maria Quaranta, PhD,a Viviana Marzaioli, PhD,a Liliana Cifuentes, MD,a,e Stephen R. Durham, MD, FRCP,d

Andrea Cavani, MD,c Kilian Eyerich, MD,e Kian Fan Chung, MD,b Carsten B. Schmidt-Weber, PhD,a and

Stefanie Eyerich, PhDa Munich, Germany, London, United Kingdom, and Rome, Italy

Background: IL-22 controls tissue homeostasis by both
proinflammatoryandanti-inflammatoryeffects.However, the anti-
inflammatory mechanisms of IL-22 remain poorly investigated.
Objective: We sought to investigate the anti-inflammatory role
for IL-22 in human asthma.
Methods: T-cell lines derived from lung biopsy specimens of
asthmatic patients were characterized by means of flow
cytometry. Human bronchial epithelial cells from healthy and
asthmatic subjects were stimulated with IL-22, IFN-g, or the
combination of both cytokines. Effects of cytokine stimulation
were investigated by using whole-genome analysis, ELISA, and
flow cytometry. The functional consequence of cytokine
stimulation was evaluated in an in vitro wound repair model and
T cell–mediated cytotoxicity experiments. In vivo cytokine
expression was measured by using immunohistochemistry and
Luminex assays in bronchoalveolar lavage fluid of healthy and
asthmatic patients.

Results: The current study identifies a tissue-restricted
antagonistic interplay of IL-22 and the proinflammatory
cytokine IFN-g. On the one hand, IFN-g antagonized IL-22–
mediated induction of the antimicrobial peptide S100A7 and
epithelial cell migration in bronchial epithelial cells. On the
other hand, IL-22 decreased epithelial susceptibility to T cell–
mediated cytotoxicity by inhibiting the IFN-g–induced
expression of MHC-I, MHC-II, and CD54/intercellular adhesion
molecule 1 molecules. Likewise, IL-22 inhibited IFN-g–induced
secretion of the proinflammatory chemokines CCL5/RANTES
and CXCL10/interferon-inducible protein 10 in vitro.
Consistently, the IL-22 expression in bronchoalveolar lavage
fluid of asthmatic patients inversely correlated with the
expression of CCL5/RANTES and CXCL10/interferon-
inducible protein 10 in vivo.
Conclusions: IL-22 might control the extent of IFN-g–mediated
lung inflammation and therefore play a tissue-restricted
regulatory role. (J Allergy Clin Immunol 2013;131:562-70.)

Key words: TH22 cells, IL-22, IFN-g, asthma, human bronchial
epithelial cells, epithelial regulation

Asthma is a chronic inflammatory disorder of the airways
characterized by airway obstruction with characteristics of
remodeling and evidence of ongoing epithelial injury and repair.1

T cells contribute to chronic asthma by inducing direct tissue
damage in epithelial airways, secreting proinflammatory cyto-
kines, and releasing factors that contribute to epithelial remodel-
ing. TH2 cells are primary effector cells in asthmatic patients
because they secrete IL-4, IL-5, and IL-13, leading to IgE produc-
tion of B cells and eosinophil-, mast cell–, and basophil-mediated
inflammation. TH1, TH17, and cytotoxic T cells (Tc) contribute to
lung inflammation through the release of a large number of cyto-
kines, such as IFN-g, IL-17, and IL-22, and induction of apoptosis
in lung epithelial cells.2,3

IFN-g is a key proinflammatory cytokine in lung inflammation.
It stimulates epithelial cells to release chemokines4 relevant for
the recruitment of immune cells and therefore amplifies the ongo-
ing immune reaction.5-7 IFN-g also promotes the induction of
MHC class I (MHC-I), MHC class II (MHC-II), and intercellular
adhesion molecule 1 (ICAM-1) expression on epithelial cells,
thereby enhancing adhesion of T cells and induction of apoptosis
by CD81 and CD41 T cells.8-11

Although the role of IFN-g in the inflammatory process has
been extensively investigated, the contribution of IL-22 remains
unclear. IL-22 is a member of the IL-10 cytokine family, which is
produced by many immune cells, such as natural killer cells,
CD11c1 myeloid cells, lymphoid tissue inducer–like cells, TH1
cells, TH17 cells, and the recently described TH22 T-cell
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Abbreviations used
BALF: Bronchoalveolar lavage fluid
DHBE: Asthmatic human bronchial epithelial cell

ICAM-1: Intercellular adhesion molecule 1
IL-22R: IL-22 receptor
IP-10: Interferon-inducible protein 10

MHC-I: MHC class I
MHC-II: MHC class II
NHBE: Normal human bronchial epithelial cell

subset.12-18 The IL-22 receptor (IL-22R) is a heterodimer that
consists of IL-22R and the IL-10 receptor b subunit and is ex-
pressed by epithelial cells of nonhematopoietic origin mainly in
the skin, kidney, liver, gut, and lung.19 The expression pattern
of IL-22R implies that IL-22 exerts its effects exclusively on tis-
sue cells.20 The engagement of IL-22R was demonstrated to be
essential for innate immune defenses in the gut,15 skin,21,22 and
airways.23 IL-22 protects the mucosal surface from extracellular
pathogens by inducing the secretion of antimicrobial peptides
in epithelial cells.12,21,23 Furthermore, IL-22 maintains epithelial
integrity by preventing injury and accelerating epithelial repair
after a variety of lung insults.19

The inflammatory properties of IL-22 in the lung are conflict-
ing. IL-22 has been shown to induce the recruitment of granulo-
cytes synergistically with IL-17 and thus increases inflammation
in mouse models of lung fibrosis and allergic asthma. However,
mice lacking IL-17 production in these disease models show less
inflammation, decreased numbers of infiltrating cells, and re-
duced airway tissue damage after injection of IL-22.24,25 Al-
though IL-22 has shown to be involved in lung inflammatory
disorders, its anti-inflammatory role in human lung diseases has
been poorly investigated.
Here we demonstrate that IL-22 and IFN-g have reciprocal

antagonistic effects on human bronchial epithelial cells. IFN-g
impairs the main IL-22 effects, such as the induction of S100A7
and migration of epithelial cells.
On the other hand, IL-22 inhibits IFN-g–mediated upre-

gulation of MHC-I and MHC-II, protecting the epithelium
from T cell–mediated damage. Moreover, it impairs IFN-
g–mediated regulation of proinflammatory chemokines, such
as CCL5/RANTES and CXCL10/interferon-inducible pro-
tein 10 (IP-10), both in vitro and in vivo. Thus IL-22
might protect the lung epithelium from IFN-g–mediated
inflammation.
This new immune axis is of special interest because it provides

the first indication, to our knowledge, of a T-cell cytokine
inhibiting the proinflammatory effects of IFN-g on tissue cells.

METHODS
Patients

Healthy subjects (n 5 11) and asthmatic patients (n 5 28) were included
according to the American Thoracic Society Workshop on Refractory
Asthma.26 Patients affected by mild (n 5 14) and severe (n 5 14) asthma
were included in the study. Pulmonary function tests were performed and bi-
opsy specimens and bronchoalveolar lavage fluid (BALF) were taken during
baseline symptoms. The baseline symptoms correlated with pulmonary func-
tion test results. Bronchial biopsies and bronchial alveolar lavage were per-
formed according to the local ethics committee. Each participant provided
informed consent.

Cytokines and antibodies
The following antibodies were used for flow cytometric analysis: CD4–

peridinin-chlorophyll-protein complex (SK3), IFN-g–V450 (B27; both from
BD Biosciences, San Jose, Calif), CD8-phycoerythrin (RPA-T8), CD8–
APC-Cy7 (SK1), IL-17A–Alexa Fluor 488 (N49-653; all from BD
PharMingen, San Jose, Calif), IL-4–phycoerythrin (3010.211, BD FastIm-
mune), IL-22–allophycocyanin (142928), CD54–fluorescein isothiocyanate
(BBIG-I1; both from R&D Systems, Minneapolis, Minn), HLA-DR–
allophycocyanin (LN3), and HLA A-B-C–fluorescein isothiocyanate (W6/
32; both from eBioscience, San Diego, Calif). For cell culture, stimulation,
and blocking experiments, the following recombinant cytokines and anti-
bodies were used: IL-2 (Novartis, Basel, Switzerland), IL-22 and IFN-g
(R&D Systems), purified anti-CD3 (UCHT1) and anti-CD28 (CD28.2; both
from BD Bioscience), anti–IFN-gR1 (MAB6732), anti–IL-22Ra1
(AF2770), mouse IgG1 (MAB002), and polyclonal goat IgG (AB-108-C;
all from R&D Systems).

Isolation and expansion of lung-derived T cells
Lung biopsy specimens of asthmatic patients were cultured in complete

RPMI 1640 supplemented with 100 U/mL penicillin, 100 mg/mL streptomy-
cin (all from Invitrogen, Carlsbad, Calif), 5% human serum (Sigma, St Louis,
Mo), and 20 U of IL-2/mL (Novartis). Emigrating cells were expanded by
means of anti-CD3/anti-CD28 stimulation. After 10 to 13 days, T-cell lines
were collected and characterized by using flow cytometry.

Flow cytometric analysis
Surface and intracellular cytokine staining were performed with the

Cytofix/Cytoperm kit (BD Biosciences), according to the manufacturer’s
instructions. Acquisition and analysis were performed with the FACSCanto II
(BD Biosciences).

Human bronchial epithelial cell culture and
stimulation

Primary human bronchial epithelial cells derived from 3 healthy subjects
(NHBE cells) and 3 asthmatic patients (DHBE cells) were purchased from
Lonza (Basel, Switzerland). Bronchial epithelial cells were cultured in
complete human bronchial epithelial cells (BEGM, Lonza). Cells of the first,
second, and third passages were used in experiments. Confluent and
subconfluent epithelial cells were stimulated with recombinant 50 ng/mL
IL-22 and 10 ng/mL IFN-g in growth factor–free BEBM (Lonza). After 36
hours of stimulation, flow cytometric staining of MHC-I (HLA-A, B, C),
MHC-II (HLA-DR), and CD54 (ICAM-1) were performed. Supernatants were
collected after 48 hours of stimulation, and the content of CCL5/RANTESwas
analyzed by using ELISA (R&D Systems).

Whole-genome microarray analysis and real-time
PCR

The total RNA sample was amplified and Cy3 labeled by using the 1-color
Low Input Quick AmpLabeling Kit, according to themanufacturer’s protocol.
Hybridization to SurePrint G3 Human Gene Expression 8x60K Microarrays
was performed by using the Gene Expression Hybridization Kit. Differential
gene expression was analyzed with the Genespring Software GX 11.0 (Agilent
Technologies, Santa Clara, Calif). Genes regulated more than 2-fold change
were further analyzed by using the paired Student t test and filtered for P value
(P <_ .05). The primers listed in Table E1 in this article’s Online Repository at
www.jacionline.orgwere used in real-time PCR tovalidate themicroarray data.

Wound repair assay
Confluent monolayers of NHBE cells and DHBE cells were scratched with

the tip of a pipette to create a uniform cell-free zone in each well. Wounded
monolayers were then incubated with IL-22 (50 ng/mL) alone or in combi-
nation with IFN-g (10 ng/mL). BEBM basal medium represented the negative
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control. In some experiments blocking anti–IFN-g receptor 1 and the relative
isotype control were added to the cultures. Closure of the wounded area was
monitored microscopically at 0 hours and 16 hours after stimulation and
recorded with a digital camera. The residual gap between migrating cells was
measured with a computer-assisted image analysis system (AxioVision 4.5;
Carl Zeiss, Oberkochen, Germany) and expressed as a percentage of the initial
scratched area.

T cell–mediated cytotoxicity experiments
The cytotoxicity assay was performed with the cytotoxicity detection kit

LDH, according to the manufacturer’s instructions (Roche, Mannheim,
Germany). Briefly, NHBE cells were seeded in flat-bottom 96-well plates in
complete BEGM. Confluent NHBE cells were washed with PBS and
stimulated with recombinant cytokines (10 ng/mL IFN-g and 50 ng/mL IL-
22) in basal BEBM. After 36 hours, NHBE cells were extensively washed and
cocultured for 6 hours with heterologous CD81 and CD41 cells and isolated
with the CD81 and CD41 T-cell isolation kit (Miltenyi Biotech, Bergisch
Gladbach, Germany), respectively.

Immunohistochemistry
Lung biopsy specimens of asthmatic (n 5 6) and healthy (n 5 3) donors

were paraffin embedded. Five-micrometer sections were dewaxed in xylene
and ethanol and boiled in Tris-EDTA buffer (pH 9.0) at 968C. After quenching
endogenous peroxidase, the slides were incubated in PBS containing 1% BSA
and subsequently incubated with anti-human IL-22 rabbit polyclonal or
polyclonal rabbit IgG (both from Novus Biologicals, Littleton, Colo). The
staining was developed with the avidin-biotin-immunoperoxidase system
(Vector Laboratories, Burlingame, Calif), followed by counterstaining with
hematoxylin.

BALF
BALF collected from asthmatic (n 5 22) and healthy (n 5 8) donors was

concentrated 50- to 70-fold by using the Amicon Centripep Ulatracel-3K
Centrifugal Filter Devise (Millipore, Temecula, Calif). ELISA (R&D Sys-
tems) and 27 multiplex analysis (Bio-Rad Laboratories, Hercules, Calif) were
performed to measure cytokine and chemokine content. The results were
corrected for concentration factor and thus represent the unconcentrated
content of proteins in BALF (Table I).

Statistical analysis
Mann-Whitney U analysis and 1-way ANOVAwith the Bonferroni multi-

ple comparison test were used to determine significant differences between
groups. The Spearman test was used to evaluate correlations (Prism 5; Graph-
Pad Software, La Jolla, Calif). Data are expressed as means 6 SEMs. Statis-
tically significant differences were defined as P values of less than .05, less
than .01, and less than .001.

RESULTS
T cells from lung biopsy specimens of asthmatic
patients display distinct IL-22–producing T-cell
subsets

T-cell lines were generated from lung biopsy specimens of
asthmatic patients and analyzed by using multicolor flow
cytometric staining to characterize IL-22–producing T cells
in asthmatic patients. On ionomycin/phorbol 12-myristate
13-acetate stimulation, the majority of lung-derived T cells
produced IFN-g (Fig 1, A and B). The frequency of IL-221 cells
was comparable with that of IL-171 and IL-41 infiltrating T cells
(Fig 1, A and B, and see Fig E1 in this article’s Online Repository
at www.jacionline.org). Only a minority of total lung IL-221 T

cells coexpressed IL-17, confirming that IL-22 and IL-17 are
weakly associated in human tissues (Fig 1, A). The majority of
the IL-22–producing T cells belonged to the CD41 subset (Fig
1, C), whereas CD81IL-221 cells represented a minor population
(Fig 1, F). Among the IL-221 lung T cells, 4 CD41 T-cell subsets
were identified on the basis of their cytokine profile: TH1/IL-22

1,
TH17, TH0/IL-22

1, and TH22 cells (Fig 1, D). TH1/IL-22
1 cells

were the major IL-22–producing T-cell subset, indicating that
during asthma, IL-22 can be cosecreted commonly with IFN-g
(Fig 1, D and E). The frequency of TH22 cells ranged between
10% to 15% of the total IL-221 population, suggesting that
TH22 is not a skin-restricted T-cell subset (Fig 1, D and E).
Among CD81IL-221 cells, TC1/IL-22 cells were most frequent,
whereas TC22 and TC17 cells were rarely detected (Fig 1, G).
CD81IL-221 cells were almost exclusively producing IFN-g
alone or together with IL-17 (Fig 1, G and H). Together, these
data suggest that T cells produce IL-22 alone or in combination
with IFN-g in patients with chronic lung inflammation.

IL-22 and IFN-g mediate reciprocal antagonistic
effects on primary bronchial human epithelial cells
To understand the potential pathologic mechanism of IL-22

and IFN-g cosecretion in the context of airway inflammation,
we investigated the gene expression profile of primary human
bronchial epithelial cells (NHBE cells) exposed to either IL-22 or
IFN-g alone or in combination.

Genes regulated more than 2-fold compared with untreated
cells were hierarchically clustered (Fig 2, A-C) and filtered for
P value (P <_ .05). Hierarchic gene expression analysis high-
lighted clusters of antagonism between IL-22 and IFN-g (Fig
2, A-C). IL-22 was antagonizing genes regulated by IFN-g
(Fig 2, B, and see Tables E10 and E11 in this article’s Online

TABLE I. Study subjects’ characteristics

Healthy control
subjects Asthmatic patients

Sex (F/M) 5/6 14/14
Age (y) 28.6 6 11.7 44.6 6 12.5
Duration of asthma (y) NA 32.9 6 19
FEV1 (% predicted) 94.8 6 8.1 74.6 6 13.7!
FEV1/FVC ratio (%) 79.3 6 5.4 68.9 6 10.4
Bronchodilator response§ NA 14.4 6 12.7
BDP equivalent (mg/d) NA 1373 6 640
Atopy NA 24/28
Total IgE (IU) NA 423 6 139
Smokers 0/11 0/28
BALF: total cell count (3 106) 9.33 6 6 6.39 6 2.65
Macrophages (%) 98.8 6 1.1 90.82 6 11.7
Lymphocytes (%) 0.46 6 0.64 5.41 6 11.04
Eosinophils (%) 0.04 6 0.1 1.25 6 1.94
IFN-g (pg/mL) 0.92 6 0.18 1.82 6 1.48
IL-4 (pg/mL) 0.058 6 0.019 0.076 6 0.036
IL-5 (pg/mL) 0.0059 6 0.011 0.080 6 0.09*
IL-13 (pg/mL) 0.1162 6 0.040 0.1594 6 0.0086
IL-17 (pg/mL) 0.279 6 0.3285 0.7564 6 0.4612"
IL-22 (pg/mL) 0.159 6 0.17 0.709 6 1.104*

Values represent means 6 SDs.
BAL, Bronchoalveolar lavage; BDP, beclomethasone dipropionate; F, female;
FVC, forced vital capacity; M, male; NA, not applicable.
*P < .05, !P < .01, and "P < .001 compared with healthy subjects.
§Measured as percentage increase in FEV1 after 400 mg of aerosolized albuterol.
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Repository at www.jacionline.org), and conversely, IFN-g in-
hibited IL-22–regulated genes (Fig 2, C, and see Tables E8
and E9 in this article’s Online Repository at www.jacionline.
org). IFN-g treatment induced 2920 genes in NHBE cells com-
pared with untreated cells (see Tables E4 and E5 in this article’s
Online Repository at www.jacionline.org). Among those genes,
many proinflammatory mediators were upregulated, such as the
TH1 chemoattractants CXCL10, CXCL9, and CXCL11 and the
eosinophil-recruiting chemokines, CCL5, CCL2, CCL7, and

CCL8, thus supporting the propagation of inflammation
(see Table E4). In contrast, IL-22 significantly regulated only
118 genes (see Tables E2 and E3 in this article’s Online Repos-
itory at www.jacionline.org). Consistent with its role in host de-
fense, IL-22 specifically induced the antimicrobial peptide
psoriasin (S100A7) in NHBE cells. Furthermore, IL-22 modu-
lated several genes involved in cell survival and remodeling,
such as SERPINB3 and SERPINB4 involved in mucin secretion
and cell survival,27,28 VWA1 involved in matrix deposition,29,30

FIG 1. Distinct IL-22–producing T-cell subsets infiltrate the lungs of asthmatic patients. A, C, and F, Lung-
derived T cells showing IL-22 expression in IFN-g1 and IL-171 (Fig 1, A), CD41 (Fig 1, C), and CD81 (Fig 1, F)
infiltrating T cells. B, Total IFN-g–, IL-17–, IL-4–, and IL-22–expressing T cells. D, Relative distribution of the
TH22, TH17, TH1/IL-22, and TH0/IL-22 subsets. G, Relative distribution of the TC22, TC17, TC1/IL-22, and
TC0/IL-22 subsets. E and H, Summary of values of the IL-221 subsets in 6 asthmatic patients. *P < .05 and
**P < .01. ns, Not significant. Error bars represent means 6 SEMs.
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Asprv1 involved in skin regeneration,31 and the transcription
factor NFE2 involved in cell maturation32 (see Fig E2 in this ar-
ticle’s Online Repository at www.jacionline.org). The IFN-
g/IL-22 combination regulated 2623 genes compared with
untreated cells (see Tables E6 and E7 in this article’s Online Re-
pository at www.jacionline.org). Consistent with antagonistic
features, IFN-g inhibited the expression of both host defense
and remodeling genes regulated by IL-22 (see Fig E2 and
Tables E8 and E9), whereas IL-22 inhibited most of the proin-
flammatory IFN-g–regulated genes, such as chemokines and
HLA molecules (see Fig E3 and Tables E10 and E11 in this ar-
ticle’s Online Repository at www.jacionline.org).

Among the genes significantly regulated, IFN-g inhibited 57
(48.3%) of 118 genes regulated by IL-22 (Fig 2, E), whereas
IL-22 inhibited 2203 (74.9%) (Fig 2,D) of 2920 genes modulated
by IFN-g (Fig 2, B-D, and see Figs E2 and E3).

Taken together, these data suggest that IL-22 and IFN-g can act
antagonistically on bronchial epithelium.

IFN-g inhibits IL-22–mediated in vitro wound
healing

To evaluate the functional consequence of the IFN-g/IL-22
antagonism, we investigated the effect of IFN-g on IL-22–
mediated wound closure in an in vitro wound-healing model per-
formed on both NHBE and DHBE primary epithelial cells. IL-22
but not IFN-g significantly enhanced epithelial migration. In line
with the antagonism of both cytokines, IL-22–induced wound
healing was impaired by IFN-g in bronchial epithelial cells
from both healthy and asthmatic subjects (Fig 3 and see Fig E4
in this article’s Online Repository at www.jacionline.org). The

IFN-g effect was reversed by blocking the IFN-g receptor (see
Fig E5 in this article’s Online Repository at www.jacionline.org).

These results confirm that IL-22 induces epithelial migration
and suggest that when coproduced with IFN-g, IL-22 functions
might be inhibited.

IL-22 impairs proinflammatory activities of IFN-g
On IFN-g exposure, epithelial cells upregulate a plethora of

proinflammatory cytokines, chemokines, and adhesion molecules
that promote recruitment of immune cells and T cell–mediated
damage.9 IFN-g induced many proinflammatory mediators in pri-
mary bronchial epithelial cells (see Table E4). Consistent with the
antagonistic activities of IL-22 on IFN-g, IL-22 diminished the
induction of HLA haplotypes, CD54/ICAM-1, and the chemo-
kines CXCL10, CXCL9, CXCL2, CXCL17, CXCL16,
CXCL11, CCL8, CCL5, CCL7, and CCL2 by IFN-g in themicro-
array assay. Confirming observations at the level of gene expres-
sion, IL-22 inhibited the IFN-g–mediated expression of CCL5/
RANTES at the protein level (Fig 4, A). To confirm the MHC-I
andMHC-II regulation observed in the microarray, we performed
flow cytometric analysis of ICAM-1 (Fig 4, C), the MHC-II hap-
lotype HLA-DR (Fig 4, B), and the MHC-I haplotypes HLA-A,
HLA-B, and HLA-C (Fig 4, D). Consistently, IL-22 suppressed
the IFN-g–mediated induction of MHC-I (Fig 4, D), MHC-II
(Fig 4, B), and ICAM-1 (Fig 4, C) on the surface of both NHBE
and DHBE cells (see Fig E4). The IL-22 inhibitory effects were
reverted by blocking IL-22R (see Fig E6 in this article’s Online
Repository at www.jacionline.org).
Taken together, these data suggest that IL-22 suppresses IFN-

g–mediated inflammation.

Inhibition of IFN-g–mediated MHC-I expression
leads to a reduced CD8-dependent cytotoxicity

MHC-I, MHC-II, and CD54/ICAM-1 upregulation on epithe-
lial cells enables CD8- and CD4-mediated cytotoxicity.8,9 To in-
vestigate the functional consequences of the IL-22–mediated
inhibition of MHC-I and MHC-II upregulation, we measured
the T cell–mediated cytotoxicity. Untreated epithelial cells were
slightly prone to CD4- and CD8-mediated cytotoxicity, whereas
IFN-g–treated epithelial cells upregulated MHC-I and MHC-II
and became highly susceptible to T cell–mediated cytotoxicity.
Treatment of primary epithelial cells with the combination of
IFN-g and IL-22 greatly reduced CD8-mediated cytotoxicity
compared with IFN-g–treated NHBE cells (Fig 4, F). A similar
but not significant tendency was observed for CD41-mediated cy-
totoxicity (Fig 4, E).

Together, these results suggest that by impairing IFN-
g–mediatedexpressionofMHC-I,MHC-II, andICAM-1molecules,
IL-22 canprotect the lung epitheliumfromTcell–mediateddamage.

IL-22 expression inversely correlates with
IFN-g–dependent proinflammatory mediators
in vivo
To investigate the expression and in vivo relevance of IL-22–me-

diated suppression of IFN-g, we performed immunohistochemical
staining of sections from lung biopsy specimens from healthy and
asthmatic subjects and measurement of BALF content (Table I).
Immunohistochemistry showed IL-22–producing cells infiltrating

FIG 2. Antagonistic gene regulation in primary human bronchial epithelial
cells by IL-22 and IFN-g. A, Hierarchic clustering analysis of genes regulated
at least 2-fold induction comparedwith untreated (N.T.). B and C, Represen-
tative cluster of IFN-g–induced genes suppressed by IL-22 (Fig 2, B)
and IL-22–induced genes suppressed by IFN-g (Fig 2, C). D and E, Percent-
age of the number of IFN-g–regulated genes significantly antagonized
by IL-22 (Fig 2, D) and IL-22–regulated genes significantly antagonized by
IFN-g (Fig 2, E). *P <_ .05.
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the epithelium of the bronchial mucosa in asthmatic patients,
whereas few IL-221 cells were detected in healthy subjects (Fig
5, A). Because cytokines are normally undetectable in neat BALF
of asthmatic patients, wemeasured cytokine levels in concentrated
BALF. We corrected the values for concentration factor and ex-
pressed them as representative of the unconcentrated BALF. The

expression of IL-22 was increased in BALF of asthmatic patients
compared with that of healthy control subjects (Fig 5, B). To eval-
uate whether IL-22 might have a suppressive effect on IFN-
g–mediated inflammation in vivo, we examined whether there
was a correlation between the IL-22/IFN-g ratio and the
content of the IFN-g–inducible chemokines CXCL10/IP-10 and

FIG 3. IFN-g suppresses IL-22–induced wound healing in a functional in vitro injury model. A, Representa-
tive wound-healing experiment. B, Data from 6 independent experiments are shown. ***P < .001. Error bars
represent means 6 SEMs. N.T., Untreated.

A B E

C D F

FIG 4. IL-22 suppresses IFN-g–induced molecules and CD8-meditated cytotoxicity. Primary epithelial cells
were treated with recombinant cytokines. A, CCL5/RANTES secretion. B-D, MHC-II (Fig 4, B), CD54/ICAM-
1 (Fig 4, C), and MHC-I (Fig 4, D) expression shown as mean florescence intensity (MFI). E and F, After 36
hours of stimulation, NHBE cells were cocultured with heterologous CD81 and CD41 cells, and specific cy-
totoxicity (CTX) was evaluated. Error bars indicate SEMs. *P <_ .05, **P <_ .01, and ***P <_ .001. ns, Not
significant.
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CCL5/RANTES (Fig 5,C). In linewith the in vitro data, the IL-22/
IFN-g ratio but not other ratios investigated inversely correlated
with the expression of CXCL10/IP-10 and CCL5/RANTES. Taken
together, these results suggest that an IL-22–dominated environ-
ment might suppress the IFN-g–mediated inflammation in vivo.

DISCUSSION
The current study identifies a regulatory role for IL-22 in the

context of IFN-g–mediated inflammation. We demonstrated that
IL-22 and IFN-g mediate antagonistic effects in lung epithelial

cells. These antagonisms become manifest in impaired protective
and remodeling activities of IL-22, as well as in dampened IFN-
g–mediated upregulation of proinflammatory molecules. To our
knowledge, IL-22 is the first T-cell cytokine described to inhibit
IFN-g–mediated proinflammatory effects on human primary
epithelial cells.
In murine models IL-22 shows either proinflammatory or anti-

inflammatory properties. Consistently, 2 reports in animal models
of lung inflammation conclude that IL-22 can act as an anti-
inflammatory cytokine in the absence of IL-17, whereas in the
presence of IL-17, IL-22 contributes to the recruitment of

FIG 5. IL-22/IFN-g ratio inversely correlates with CXCL10/IP-10 and CCL5/RANTES levels in BALF. A, Repre-
sentative IL-22 immunohistochemistry staining with relative controls of an asthmatic and healthy lung bi-
opsy specimen. B, IL-22 and IFN-g expression in BALF. C, Correlation between the IL-22/IFN-g ratio and
CXCL10 (IP-10) and CCL5 (RANTES) content in BALF. Correlation was measured with the Spearman rank
correlation test (rs). The Mann-Whitney test was performed to compare the groups of asthmatic and healthy
donors. Error bars indicate SEMs. *P <_ .05, **P <_ .01, and ***P <_ .001. ns, Not significant.
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inflammatory cells.24,25 However, both reports lack a mechanistic
explanation for this finding.
We find that T cells infiltrating the lungs of asthmatic patients

are a source of IL-22. Both CD41 and CD81 cells produce IL-22.
Similar to reports studying the skin,13 different subsets of IL-22–
producing T cells were detected. As expected, IL-22 was
produced by some TH17 cells but primarily by TH1 cells. An ad-
ditional source of IL-22 in the lung is the recently described TH22
subset. TH22 cells were originally described in the skin on the ba-
sis of their expression of CCR10, CCR6, and CCR4.14 However,
this chemokine receptor repertoire is also adequate for migration
of T cells to the lung.33 Thus TH22 seems to be a tissue-restricted
rather than a skin-restricted T-cell subset.
In line with previous reports, IL-22 induces antimicrobial

peptides in airway epithelial cells, epithelial migration, and genes
involved in mucin secretion and matrix deposition.23 IFN-g an-
tagonized the majority of IL-22–mediated effects. In fact, antifi-
brotic properties were previously assigned to IFN-g, such as
inhibition of collagen synthesis, cell-cycle arrest, induction of ap-
optosis, and activation of natural killer cell cytotoxicity.34 The
role of IL-22 in this context remains to be investigated.
The current study demonstrates that IL-22 impairs IFN-

g–induced chemokine release in airway epithelial cells, which
confirms previous studies showing that exogenous IL-22 admin-
istration in a mouse model of lung fibrosis reduces inflammation
through inhibition of CXCL9, CXCL10, and CXCL11
expression.35 Consistently, it was shown that administration of
IL-22 in an OVA mouse model of asthma impaired the secretion
of CCL11 and CCL5 and consecutive eosinophil infiltration.25

Thus IL-22 antagonism of IFN-g might explain the anti-
inflammatory effects of IL-22 in mice and human subjects.
Interestingly, the IL-22/IFN-g antagonism only partially af-

fects the innate related molecules. In fact, molecules such as Toll-
like receptors 2 and 3 induced by IFN-g on epithelial cells (see
Table E4) were not inhibited by IL-22. This observation suggests
that the interplay between IFN-g and IL-22 results in a different
rather than diminished response to microbial invasion compared
with the effects of the single cytokines.
Notably, IL-22 is the first T-cell cytokine that diminishes IFN-

g–induced expression of MHC-I and MHC-II on primary epithe-
lial cells and reduces CD8-mediated cytotoxicity. This finding is
consistent with reports showing that IL-22 is an effective cytokine
for the clearance of extracellular, but not intracellular, pathogens
in which MHC-I recognition by CD81 cells is critical.23,36,37 In
fact, it was previously demonstrated that lower lung viral titers
were observed after treatment with anti–IL-22 in a mouse model
of influenza virus, and this suggests that IL-22 might promote in-
fluenza virus replication.38

Viruses play an important role in asthma exacerbation and are
implicated in the development of chronic asthma.39,40 In this con-
text IL-22 might have a Janus-faced role: on the one hand, IL-22
can protect the lung from an excessive IFN-g–mediated inflam-
mation, and on the other hand, it might be involved in the propa-
gation, perpetuation, or both of virus-mediated asthma or
unwanted remodeling of the airway structure.
IFN-g–mediated inflammation and MHC-I recognition are of

critical relevance in several medical fields, such as tumor immu-
nology, transplantation immunology, autoimmunity, and intracellu-
lar infectious diseases. Further studies are needed to clarify the role
of IL-22 inMHC-I–dependent diseases and to further investigate its
role in pathogen-dependent aggravation of inflammation.

The present report links the murine evidence to human data and
investigates in detail how and in what context IL-22 might act as
an anti-inflammatory cytokine.
In summary, IL-22might control the extent of IFN-g–mediated

lung inflammation and therefore plays a regulatory role in tissue
inflammation. These results raise possibilities for new therapies
using recombinant IL-22 to limit tissue inflammation and anti–IL-
22 to enhance IFN-g–mediated tissue immunity.

We thank Gaby Pleyl-Wisgickl and Juliette Kranz for excellent technical
assistance.

Key messages

d TH22 cells infiltrate the lung during asthma.

d IL-22 and IFN-g exert tissue-restricted antagonistic func-
tions in the lung.

d IL-22 protects the epithelium from T cell–mediated cyto-
toxicity by reducing the IFN-g–induced MHC-I and
MHC-II expression on bronchial epithelial cells.

d IL-22 might limit tissue inflammation, whereas anti–IL-
22 might enhance IFN-g–mediated tissue immunity.
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