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Abstract  Vitiligo  is  a  complex  disease  whose  pathogenesis  results  from  the  interaction  of
genetic components,  metabolic  factors  linked  to  cellular  oxidative  stress,  melanocyte  adhe-
sion to  the  epithelium,  and  immunity  (innate  and  adaptive),  which  culminate  in  aggression
against melanocytes.  In  vitiligo,  melanocytes  are  more  sensitive  to  oxidative  damage,  leading
to the  increased  expression  of  proinflammatory  proteins  such  as  HSP70.  The  lower  expres-
sion of  epithelial  adhesion  molecules,  such  as  DDR1  and  E-cadherin,  facilitates  damage  to
melanocytes  and  exposure  of  antigens  that  favor  autoimmunity.  Activation  of  the  type  1-IFN
pathway perpetuates  the  direct  action  of  CD8+  cells  against  melanocytes,  facilitated  by  reg-
ulatory T-cell  dysfunction.  The  identification  of  several  genes  involved  in  these  processes  sets
the stage  for  disease  development  and  maintenance.  However,  the  relationship  of  vitiligo  with
environmental  factors,  psychological  stress,  comorbidities,  and  the  elements  that  define  indi-
vidual susceptibility  to  the  disease  are  a  challenge  to  the  integration  of  theories  related  to  its

pathogenesis.
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itiligo  is  a  chronic,  acquired  dyschromia  that  promotes
utoimmune  aggression  against  melanocytes,  resulting  in
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ypochromic  or  achromic  macules  and  patches  on  the  skin
nd  mucous  membranes,  with  possible  involvement  of  hair
ollicles,  in  different  extensions  of  the  skin,  which  may
ccompany  systemic  manifestations  (e.g.,  sensorineural
eafness,  uveitis,  thyroiditis).  Its  pathogenesis  is  multifac-
orial;  however,  the  exact  mechanisms  that  integrate  the

ndividual  genetic  susceptibility,  melanocyte  auto  aggres-
ion,  and  failure  of  immune  tolerance  mechanisms  are  still
ot  fully  elucidated.
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The  prevalence  of  vitiligo  is  quite  variable  around
he  world,  being  more  frequent  in  Africa  (0.4%),  Europe
0.4%),  and  Oceania  (1.2%),  than  in  North  America  (0.2%)
nd  Asia  (0.1%).1 In  Brazil,  its  prevalence  varies  between
.46%---0.68%  of  the  population,  with  no  discrepancy
etween  the  sexes  or  racial  groups.  The  mean  age  of  dis-
ase  onset  ranges  from  20  to  30  years  of  age,  although  it
an  affect  children  and  the  elderly.  Vitiligo  still  accounts
or  1.4%  to  1.9%  of  dermatological  consultations  and  up  to
.5%  of  dermatological  consultations  in  children.2,3

Although  it  does  not  show  specific  skin  symptoms  or
mply  a  serious  health  risk,  vitiligo  patients  are  impacted
n  their  quality  of  life  since  the  disease  is  associated  with

 strong  stigma  that  compromises  social  and  professional
elationships,  self-esteem,  and  dress  codes;  with  women,
dolescents,  and  patients  with  psychiatric  disorders  being
he  most  affected  groups.4

There  is  currently  no  definitive  cure  for  vitiligo;  however,
everal  treatments  have  shown  favorable  results,  achieving
ome  degree  of  repigmentation  in  over  80%  of  cases.5 The
ecent  advance  in  the  understanding  of  its  pathogenesis  has
romoted  new  therapeutic  alternatives,  which  allude  to  a
ore  hopeful  future  for  patients.

itiligo genetics

itiligo  is  a  complex  disease  in  which  the  risk  attributed  to
he  genetic  component  is  estimated  at  75%  to  83%,  whereas
nvironmental  factors  would  comprehend  the  remaining
0%.  Studies  of  familial  grouping,  studies  in  twins,  and  seg-
egation  analyses  characterize  it  as  a  multifactorial  disease
ith  a  polygenic  inheritance  pattern.  Because  of  this,  the

ndividual  contribution  of  each  genetic  variant  to  suscepti-
ility  is  relatively  low.6,7

itiligo  susceptibility  mapping  by  linkage  analysis

he  mapping  of  genetic  risk  factors  for  vitiligo  was  per-
ormed  by  linkage  analysis  followed  by  positional  cloning.
inkage  analysis  assesses  the  nonrandom  segregation  of
hromosomal  regions  among  affected  individuals  in  families
ith  vitiligo.  Seven  loci  have  been  linked  to  vitiligo  suscepti-
ility,  of  which  four  were  observed  in  European  populations
nd  three  in  Chinese  populations.  One  locus  on  chromosome
7p13  was  the  first  genomic  region  linked  to  vitiligo  associ-
ted  with  autoimmune  diseases.8 And  the  positional  cloning
f  the  17p13  region  identified  the  NLRP1  gene  as  the  likely
ource  of  the  vitiligo  linkage  signal.9,10

Chromosome  22q12  has  been  associated  with  the  patho-
enesis  of  vitiligo,8,11 with  the  variants  that  regulate  XBP1
ene  expression  being  the  risk  factor  indicated  in  the  22q12
egion.12 XBP1  is  a  transcription  factor  that  regulates  the
xpression  of  the  HLA  class  II  gene,  being  involved  in  cellu-
ar  response  to  stress  and  often  associated  with  autoimmune
iseases.  In  Asian  and  South  American  individuals,  a link
etween  the  MHC  region  on  chromosome  6p21  and  vitiligo
as  been  observed.6,11
HLA  class  I and  II-related  genes  have  been  implicated
n  the  pathogenesis  of  vitiligo.13,14 Fine  mapping  of  HLA  by
mputation  identified  amino  acid  alterations  at  residues  135
nd  45---46  for  HLA-DQB1  and  HLA-B,  respectively,  as  strong
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isk  factors  for  vitiligo  in  the  Chinese  population.15 Moreover,
 promoter  variant  that  increases  HLA-A*02:01  expression
as  been  associated  with  common  vitiligo.16

Three  loci,  at  1p31.3  ---  p32.2,  7q21.11,  and  8p12,  have
een  linked  to  vitiligo  susceptibility  in  Europeans  and  one
n  Asian  populations  at  4q13-q21.17---19 Of  these,  FOXD3  has
een  suggested  as  the  causal  gene  candidate  for  1p31.3  ---
32.2  and  PDGFRA  for  4q13-q21,  while  no  candidate  gene
as  been  suggested  for  the  two  remaining  loci.

In  addition  to  these,  HLA-A*33,  HLA-Aw*31,  HLA-DR4,
LA-DR7,  and  HLA-DQB1*0303,  among  others,  have  been

dentified  as  risk  factors  for  vitiligo  in  different  samples.20,21

n  the  other  hand,  there  are  studies  that  correlate  HLA-A*09
nd  HLA-Aw*19  with  a  lower  risk  for  the  disease.21

In  Brazil,  a  study  with  patients  from  the  southeast  region
emonstrated  an  association  of  HLA-A*02  and  HLA-DRB1*07
ith  susceptibility  to  vitiligo.20 HLA-A*02  is  also  associated
ith  risk  in  populations  from  China,  India,  Slovakia,  and
orthern  Germany.  Similarly,  HLA-DRB1*07  has  been  iden-
ified  in  samples  from  China,  India,  Slovakia,  Italy,  Morocco,
urkey,  and  Oman.20

Additionally,  in  Brazil,  HLA-DQB1*06  has  been  corre-
ated  with  susceptibility  to  vitiligo  (common,  acrofacial  and
ixed),  while  HLA-A*32  has  been  correlated  with  the  local-

zed  form  (focal  and  segmental).  However,  these  findings
iffer  from  other  descriptions  in  the  literature,  suggesting
hat  HLA-DQB1*06  and  HLA-A*32  are  specifically  associated
ith  the  Brazilian  population.20

enome-wide  association  study  and  vitiligo
rediction

WAS  (Genome-Wide  Association  Study)  tests  a  dense  set  of
ariants  located  throughout  the  human  genome  for  associ-
tion  with  a  phenotype  of  interest  using  both  case  controls
nd  families.  To  date,  five  GWAS  have  been  performed  for
itiligo  in  European  and  Asian  populations.22---26 Together,
hey  have  identified  more  than  50  loci  associated  with  risk  of
itiligo.  Most  of  the  loci  identified  by  GWAS  were  detected
n  Europeans,  suggesting  a  specific  ethnicity  effect  or  dif-
erences  in  study  design  or  power.  However,  seven  of  the
on-MHC  loci  were  associated  with  vitiligo  in  subjects  of
ifferent  ethnicities.

The  observation  of  risk  effects  in  independent  popula-
ions  strengthens  the  global  contribution  of  genes  in  the
athophysiology  of  vitiligo.  One  of  these  seven  multiethnic
itiligo  risk  factors  includes  the  PTPN22  gene,  which  encodes

 protein  tyrosine  phosphatase  involved  in  T-cell  signaling.
nterestingly,  PTPN22  variants  have  been  associated  with
everal  diseases  related  to  the  immune  system,  including
heumatoid  arthritis,  systemic  lupus  erythematosus,  and
rohn’s  disease,  which  characterizes  it  as  a  pleiotropic  gene
or  autoimmune  diseases.27,28

The  IKZF4  gene,  associated  with  vitiligo  in  European  and
hinese  individuals,  exerts  a  FOXP3-mediated  gene  silencing
n  T  regulatory  cells  (Tregs).29 The  FOXP3  gene  located  on
he  X  chromosome  was  also  a  risk  factor  for  vitiligo  in  several

thnicities.

Combined,  these  associations  highlight  the  key  players
n  the  contribution  of  T-cells  to  the  pathogenesis  of  vitiligo.
ther  candidate  loci  for  vitiligo  in  several  ethnicities  include
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Table  1  Main  genes  and  histocompatibility  antigens  (HLA)
involved  in  the  pathogenesis  of  vitiligo.

Gene  Expression
NLRP1  +
XBP1 +
FOXD3  +
PDGFRA  +
PTPN22  +
IKZF4 +
FOXP3  +
DDR1 -
HLA Risk
HLA-A*02  ↑
HLA-Aw*31  ↑
HLA-A*32  ↑
HLA-A*33  ↑
HLA-A*09  ↓
HLA-Aw*19  ↓
HLA-DQB1*06  ↑
HLA-DQB1*0303  ↑
HLA-DR4  ↑
HLA-DRB1*07  ↑
HLA-DR7  ↑

Figure  1  Segmental  vitiligo  on  the  flank  of  a  dark-skinned
patient.  Achromic  macula,  with  zosteriform  distribution;  the
p
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ASLG, a  member  of  the  TNF  superfamily,  and  GZMB,  a
rotease,  both  of  which  point  to  a  role  of  dysregulated  apop-
osis  in  vitiligo.  Another  significant  non-HLA  association  with
itiligo  found  in  Europeans  was  observed  for  the  TYR  gene,
hich  regulates  melanin  biosynthesis  in  melanocytes.26

The  translational  aspect  of  the  GWAS  findings  goes
eyond  the  description  of  the  mechanisms  associated  with
he  disease  pathogenesis.  The  cumulative  frequency  of
itiligo  risk  alleles  can  be  used  to  calculate  the  probability,
sing  a  polygenic  risk  score,  that  an  individual  will  become

 case.  Using  autosomal  risk  variants  of  vitiligo  described  by
WAS,  the  predictive  power  of  the  polygenic  risk  score  was

ound  to  be  71%,  which  is  among  the  highest  values  found
or  complex  diseases.30

Candidate  gene  approaches  are  conceptually  based  on
 mechanistic  hypothesis.  Autoimmunity,  melanocyte  adhe-
ion,  and  metabolic  dysfunction  have  been  suggested  as
ontributing  to  the  etiology  of  vitiligo,  and  several  genes
ased  on  the  above  mechanisms  have  been  tested.31 Note-
orthy  examples  include  the  DDR1  gene,  which  encodes  a

ransmembrane  tyrosine  kinase  receptor  that  is  the  main
dhesion  protein  of  melanocytes  to  the  basement  membrane
nd  has  been  shown  to  be  downregulated  in  vitiligo  in  com-
arison  to  unaffected  skin.32,33 DDR1  forms  a  complex  with
-cadherin  (encoded  by  CDH1), which  is  important  for  the
aintenance  of  the  epithelial  structure.  Variants  close  to

he  CDH1  gene  have  been  associated  with  vitiligo  in  Brazilian
ndividuals,  linking  defects  in  melanocyte  adhesion  to  the
athogenesis  of  vitiligo.34 Melanocyte  damage  due  to  exces-
ive  oxidative  stress  is  another  well-established  candidate
echanism  for  vitiligo.  The  accumulation  of  reactive  oxy-

en  species  in  the  epidermis  can  inhibit  the  BCHE  enzymatic
ctivity.35 Variants  that  control  the  enzymatic  activity  of  the
CHE  gene  have  been  associated  with  vitiligo  in  independent
amples  of  the  Brazilian  population.36

The  main  genetic  changes  linked  to  vitiligo  are  summa-
ized  in  Table  1.

orphofunctional changes

n  addition  to  the  significant  reduction  in  melanin  and
elanocytes,  the  skin  with  vitiligo  shows  morphological

hanges  both  in  the  epithelium  and  in  the  upper  dermis,
hich  supports  the  hypothesis  that  other  elements  con-

ribute  to  disease  development,  in  addition  to  melanocyte
usceptibility  to  oxidative  and  immunological  damage.

Histopathologically,  less  pigmentation  in  the  basal  layer
s  observed  in  up  to  78%  of  the  epidermis  with  vitiligo,  and
ome  inflammatory  infiltrate  is  identified  in  up  to  48%  of
ases.  In  vitiligo  cases  with  active  disease,  histopathology
ay  show  a  lichenoid  interface  dermatitis  pattern,  demon-

trating  the  focus  of  self-aggression  located  in  the  basal
ayer.37 T-lymphocytes  (CD3+),  especially  the  cytotoxic  phe-
otypes  (CD8+),  are  the  predominant  cells  (65.4%)  in  the
nfiltrate,  which  is  more  evident  in  perilesional  skin  with
erivascular  and  periannexal  distribution.  For  this  reason,
erilesional  skin  is  considered  the  area  with  the  highest

nflammatory  activity  in  vitiligo  (Figs.  1  and  2).38

Screening  of  melanin  pigmentation  using  Fontana-Masson
taining  identified  residual  melanin  in  16%  of  vitiligo  cases,
nd  in  12%  of  cases,  melanocytes  were  identified  in  the
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48
eriphery  of  the  lesion  shows  a  leukomelanoderma  band,  with
everal  follicular  repigmentation  points  ---  Source:  authors’  file.

esions,  demonstrating  that  total  destruction  of  melanocytes
ay  not  occur  in  the  affected  area.38

On  electron  microscopy,  abnormal  melanogenesis  was
dentified  in  active  vitiligo;  melanocytes  from  the  con-
rol  skin  and  perilesional  area  of  stable  vitiligo  lesions
howed  long,  thin  dendrites  with  a  moderate  number  of
elanosomes,  in  contrast  to  the  melanocyte  dendrites

rom  the  perilesional  area  of  active  vitiligo:  retractable
ith  few  melanosomes.39 Langerhans  cells  are  increased  in

he  epidermis,  the  basement  membrane  is  thickened,  and

egenerative  alterations  (e.g.,  cytoplasmic  vacuolization)  in
asal  melanocytes  and  keratinocytes  are  evidenced  during
isease  activity.

0
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Figure  2  Active  vitiligo.  Histopathology:  perivascular  lym-
phocytic  infiltrate,  with  epidermal  aggression  and  basal  layer
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(
multiple  intrinsic  factors  (such  as  inflammation  and  protein
acuolar  degeneration  foci  (Hematoxylin  &eosin,  ×40).  Picture
s a  courtesy  of  Dr.  Lismary  Mosque.

The  role  of  the  remaining  melanocytes  in  the  basal  layer
n  the  repigmentation  process  of  vitiligo  is  still  unclear,  espe-
ially  because  melanogenesis  is  compromised  in  the  lesions.
owever,  the  maintenance  of  hair  follicle  pigmentation  in  an
ffected  area  indicates  good  prognosis  since  the  migration
f  melanocytes  from  the  outer  follicular  sheath  can  be  evi-
enced  by  the  identification  of  perifollicular  repigmentation
fter  phototherapy  (Fig.  1).

The  main  source  of  repigmentation  in  vitiligo  is  the
elanoblasts  of  the  hair  outer  root  sheath,  when  not

ttacked  by  CD8+  T-cells.  After  stimulation  with  pho-
otherapy,  these  melanoblasts  migrate,  differentiate  into
elanocytes,  and  proliferate  into  the  epidermis,  probably

hrough  the  upregulation  of  the  stem  cell-associated  gene,
LI1.40

The  stratum  corneum  and  viable  epidermis  of  vitiligo
esions  are  increased  in  thickness  compared  to  non-lesional
kin.41 The  lesional  epithelium  also  has  larger  corneocytes,
ikely  to  compensate  for  the  decreased  expression  of  corni-
cation  components  and,  therefore,  they  result  in  a  thicker
tratum  corneum  in  vitiligo  lesions.  A  possible  explanation
or  this  fact  may  be  the  reduced  expression  of  D3  ganglio-
ides,  which  favors  keratinocyte  apoptosis  in  patients  with
itiligo.  This  potentially  induces  a  compensatory  mechanism
f  epidermal  thickening  to  protect  the  affected  skin  against
ltraviolet  radiation  (UVR).

However,  previous  optical  and  electron  microscopy
tudies  have  demonstrated  degenerative  changes  in  ker-
tinocytes  in  both  affected  and  unaffected  skin  of  patients
ith  vitiligo,42 suggesting  that  the  entire  epithelium  of
atients  with  vitiligo  is  susceptible  to  and  suffers  from  the
athogenic  pressures  of  the  disease.

In  common  vitiligo,  there  is  a  decrease  in  the  epithe-
ial  cones  of  the  dermal-epidermal  junction.  Similarly,  a
ifference  in  architecture  was  identified  in  patients  with
egmental  and  nonsegmental  types  of  vitiligo.  In  the  seg-

ental  type,  there  is  a  notable  increase  in  epithelial  cones;

canthosis  is  observed  in  the  nonsegmental  type  when  com-
ared  with  the  skin  of  controls  without  vitiligo.37
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Adhesion  defects  between  cell  components  of  the  epider-
is  have  also  been  implicated  in  the  pathogenesis  of  vitiligo.

-cadherin  is  a  protein  that  assists  in  anchoring  between
eratinocytes,  and  its  low  expression  has  been  identified  in
elanocytes  in  vitiligo.43 It  was  also  demonstrated  in  the
ermis,  p53-positive  cells  in  non-lesional  areas,  and  this
eactivity  was  higher  in  vitiligo  lesions  than  in  controls.

The  reduction  of  melanocytes  in  vitiligo  was  also  related
o  a  defect  in  cell  adhesion  but  not  directly  to  apopto-
is.  Furthermore,  cytokines  such  as  IFN�  and  TNF� induce
elanocyte  detachment  and  decrease  the  distribution  of  E-

adherin  in  melanocytes.  However,  the  combination  of  the
wo  cytokines  was  able  to  downregulate  the  expression  of
he  CDH1  gene  that  encodes  E-cadherin  and  also  reduced
he  expression  of  the  genes  associated  with  adhesion  deficit,
DR1  and  CCN3. Furthermore,  MMP-9  is  elevated  in  the  skin
nd  plasma  of  patients  with  common  vitiligo,  being  produced
n  keratinocytes  by  the  stimulation  of  TNF� and  IFN�  and
ssociated  with  E-cadherin  cleavage.44

The  DKK1  protein,  which  reduces  melanogenesis  and  cer-
ain  somatic  functions  of  melanocytes,  is  overexpressed
y  lesional  fibroblasts  in  vitiligo.45 Similarly,  there  is  a
reater  expression  of  fibronectin,  a key  protein  in  intercel-
ular  communication  by  binding  to  integrins,  in  the  dermis
f  patients  with  vitiligo  compared  with  healthy  controls.43

dditionally,  elastin  is  reduced  in  lesional  dermis,  but  colla-
en  fibers  show  no  difference  when  compared  to  unaffected
kin.46

xidative changes

utaneous  melanocytes,  located  in  the  organ  with  the
reatest  interface  with  the  external  environment  and,  con-
equently,  the  most  exposed  to  ultraviolet  radiation  and
ollutants,  are  particularly  vulnerable  to  excessive  produc-
ion  of  reactive  oxygen  species  (ROS).  The  concentration  of
hese  substances  is  even  higher  than  in  other  adjacent  cells,
uch  as  keratinocytes  and  fibroblasts.  This  is  due,  in  part,  to
heir  specialized  function  of  producing  melanin  (which  gen-
rates  by-products  such  as  O2

− and  H2O2)  and  inflammation
ue  to  excessive  photo  exposure.47,48

In  the  hair  follicle,  the  outer  sheath  melanocytes  are
esponsible  for  intense  melanin  synthesis.  There  is  evi-
ence  that  the  production  of  ROS  in  these  melanocytes
avors  white  hairs  during  the  aging  process,  which  is  also
ccompanied  by  loss  of  protective  antioxidant  mechanisms,
enerating  an  alteration  in  the  oxidative/antioxidative  bal-
nce  (redox  status).  In  an  in  vitro  model  of  oxidative
tress,  glutamine  (a  precursor  amino  acid  of  the  antioxi-
ant  molecule  glutathione)  was  shown  to  be  able  to  reduce
elanocyte  apoptosis.  In  addition  to  triggering  apopto-

is,  ROS  also  has  the  potential  to  reduce  melanogenesis,
s  demonstrated  by  in  vitro  tests  following  exposure  of
elanocytes  to  H2O2.48---51

The  theory  of  vitiligo  development  due  to  oxidative  stress
OS)  suggests  that  ROS  production  would  be  induced  by
ynthesis),  as  well  as  extrinsic  ones,  such  as  exposure  to
ltraviolet  radiation  pollutants,  and  phenolic  compounds.
n  parallel,  a  failure  in  the  antioxidant  mechanism  would
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ccur,  disrupting  cell  homeostasis  and  culminating  in  cell
amage.52

Melanocytes  cultured  from  unaffected  areas  in  patients
ith  vitiligo  have  a  greater  susceptibility  to  oxidative  stress

han  from  controls  without  vitiligo,  demonstrating  an  over-
ll  susceptibility  of  the  patient  with  vitiligo  to  oxidative
amage.53

There  is  an  increase  in  the  superoxide  dismutase  enzyme
responsible  for  degrading  the  O2

− radical  into  H2O2 and  O2),
n  increase  in  lipid  peroxidation  (secondary  to  OS),  in  addi-
ion  to  a  reduction  in  the  catalase  enzyme  (which  converts
2O2 into  H2O  and  O2)  in  vitiligo.  However,  when  compared
o  other  inflammatory  diseases  such  as  psoriasis  and  lichen
lanus,  such  alterations  are  also  reported,  suggesting  that
he  OS  pathway  is  not  disease-specific.  In  contrast,  when
on-lesional  skin  is  assessed,  there  are  more  oxidative  path-
ay  alterations  in  the  skin  of  patients  with  vitiligo  than  of
atients  with  other  inflammatory  skin  diseases,  suggesting
hat  the  depigmented  areas  are  a  phenotypically  altered
art  of  skin  subjected  to  oxi-reducing  imbalance.54

In  addition  to  having  a  lower  systemic  antioxidant  capac-
ty  (glutathione  peroxidase  reduction)  when  compared  to
ndividuals  without  vitiligo,55 there  are  differences  in  the
erum  levels  of  superoxide  dismutase  (SOD)  and  reduced  glu-
athione  (GSH)  between  patients  with  common  and  localized
itiligo,  also  assuming  a  difference  in  the  systemic  antiox-
dant  status  according  to  disease  severity.56 Polymorphisms
f  FOXO3A,  a  gene  with  an  important  role  in  OS  regulation,
re  also  found  in  patients  with  active  vitiligo.57

Treatment  with  narrowband  UVB,  in  turn,  is  able
o  balance  the  redox  status  in  patients  with  vitiligo,
s  demonstrated  by  the  significant  reduction  in  serum
alondialdehyde  (MDA)  levels  and  an  increase  in  glu-

athione  peroxidase  in  patients  treated  by  this  phototherapy
ethod.58

It  is  hypothesized  that  OS  inflicts  cell  damage  by  indu-
ing  apoptosis  in  melanocytes,  as  well  as  other  cell  death
echanisms,  such  as  ferroptosis  and  phagoptosis.52 Clinical

nd  biochemical  studies  suggest  that  the  overexpression  of
he  TRPM2  gene  (transient  receptor  potential  cation  channel
ubfamily  M  member  2)  and  the  CGRP  (calcitonin  gene-
elated  peptide)  peptide  are  related  to  OS-sensitive  calcium
hannels  in  perilesional  melanocytes  in  vitiligo.  In  these
ases,  H2O2 would  induce  the  demethylation  of  the  pro-
oter  region  of  the  TRPM2  gene  and  increase  its  expression

n  melanocytes,  promoting  the  calcium  influx  into  the  cyto-
lasm,  and  promoting  its  apoptosis.59

In  a  study  with  murine  melanocytes,  the  natural  pro-
ess  of  autophagy,  in  which  cells  degrade  their  organelles
nd  damaged  proteins  to  maintain  their  homeostasis,  was
lso  shown  to  be  impaired  when  excessive  ROS  accumula-
ion  occurs.60 In  vitiligo,  melanocytes  and  fibroblasts  are
ore  sensitive  to  OS-induced  autophagy,  which  reduces  their
otential  to  control  melanogenesis.61

OS  can  also  trigger  changes  in  the  melanocyte  endoplas-
ic  reticulum,  culminating  in  the  accumulation  of  defective
roteins,  stimulating  a  cell  stress  phenomenon  called
‘unfolded  protein  response’’  (UPR).62 Moreover,  energy

equirements  for  protein  production  (such  as  melanin)  alone
enerate  ROS  through  mitochondrial  metabolism.  These  two
athways  seem  to  be  overactivated  in  the  melanocytes
f  patients  with  vitiligo,  suggesting  that  these  cells  tol-
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rate  less  the  demand  for  melanin  production  than  those
f  healthy  individuals.63 Even  healthy  melanocytes  undergo
ell  stress  when  exposed  to  certain  phenolic  compounds  such
s  hydroquinone  monobenzyl  ether,  inducing  the  production
f  IL6  and  IL8.63,64

Despite  the  extensive  use  of  antioxidants  by  patients  with
itiligo  who  seek  therapeutic  alternatives,  the  role  of  this
athogenic  mechanism  and  the  application  of  this  knowl-
dge  in  clinical  practice  remain  controversial.  The  lack  of

 consistent  response  to  systemic  antioxidants  suggests  that
S  may  not  play  a  central  role  in  disease  pathogenesis,  which

aises  the  need  for  studies  to  identify  the  real  role  of  the
echanism  in  this  complex  disease.54

Fig.  3  summarizes  the  possible  pathways  of  damage  to
elanocytes  due  to  OS  in  vitiligo.
In  vitiligo,  OS  also  participates  in  the  Köbner  phe-

omenon,  although  its  etiology  is  probably  multifactorial.
fter  epithelial  trauma,  inflammatory  mediators  lead  to
n  increase  in  OS,  inducing  cell  death,  a  process  that  is
lso  favored  by  melanocyte  adhesion  defects.  Addition-
lly,  epithelial  trauma  promotes  the  release  of  IFN�,  which
ncreases  the  expression  of  CXCL10,  favoring  the  migration
f  circulating  lymphocytes.65

mmunological changes

nnate  immunity

vidence  for  the  participation  of  the  innate  immune  system
n  the  pathogenesis  of  vitiligo  is  very  consistent,  with  the
atter  being  considered  the  link  between  oxidative  stress
nd  the  adaptive  immune  response.66 First,  dendritic  cells,
acrophages,  and  NK  (natural  killer)  cells  are  found  in  the

esional  and  perilesional  skin  of  patients  with  vitiligo,  char-
cterizing  an  activation  of  the  innate  immune  response.67

Activated  NK  cells  (CD56+  /  granzyme  B+)  and  IFN�-
roducing  cells  have  been  identified  in  the  blood  and
on-lesional  skin  of  patients  with  vitiligo.68 Moreover,  there
s  an  increase  in  proinflammatory  cytokines,  characteris-
ic  of  innate  immunity,  in  both  serum  and  skin  of  patients
ith  vitiligo,  such  as  IL1�,  IL1�,  IL6,  IL8,  IL12,  IL15,  and
NF�.69 These  elements  indicate  a  global  activation  of  the
ody  innate  immunity,  transcending  the  affected  areas.

The  oxidative  stress  that  occurs  in  the  melanocyte,  as
entioned  before,  is  possibly  the  autoimmunity  trigger  in

itiligo.63 The  communication  between  the  melanocyte  and
he  innate  immune  system  seems  to  occur  through  the
ecretion  of  exosomes,  which  contain  melanocyte-specific
ntigens,  miRNAs,  heat  shock  proteins,  and  DAMPs  (damage-
ssociated  molecular  patterns).64 These  exosomes  deliver
utoantigens  to  dendritic  cells,  which  undergo  maturation
nto  antigen-presenting  cells.70

The  DAMP  with  the  highest  evidence  of  association  with
itiligo  to  date  is  HSP70  (heat  shock  protein  70).66 HSP70
s  a  protein  from  the  intracellular  chaperone  family  whose
unction  is  to  prevent  the  incorrect  folding  of  other  pro-
eins  and  their  aggregation.  Whereas  some  HSPs  facilitate

he  folding  of  newly  formed  proteins,  others  are  particu-
arly  induced  during  physiological  stress  to  manage  the  extra
urden  of  stress-induced  protein  misfolding,  thus  preserving
ell  viability.71 Although  HSPs  are  intracellular  proteins,  it
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Figure  3  Representation  of  Oxidative  Stress  (OS)  and  activa-
tion of  innate  immunity  in  vitiligo.  The  effects  of  ultraviolet
radiation  (UVR),  phenolic  compounds  and  trauma  (Köbner)
increase  the  production  of  reactive  oxygen  species  (ROS).  In  par-
allel,  genetic  predisposition  (such  as  mutations  in  the  FOXO3A
gene) lead  to  the  inefficiency  of  antioxidant  mechanisms,
observed  by  an  increase  in  the  superoxide  dismutase  (SOD)
enzyme,  reduction  in  catalase  (CAT)  and  glutathione  (Glu),
causing  an  imbalance  in  the  redox  status.  OS  also  causes  an
accumulation  of  defective  proteins  in  the  endoplasmic  reticu-
lum, resulting  in  a  phenomenon  called  the  response  to  unfolded
proteins  (UPr),  contributing  to  the  process  of  autophagy  leading
to the  production  of  proinflammatory  interleukins  (IL6  and  IL8).
The increased  expression  of  TRPM2  (transient  receptor  poten-
tial cation  channel  subfamily  M  member  2),  also  induced  by  OS,
promotes  an  influx  of  calcium  into  the  melanocyte,  culminating
in its  apoptosis.  The  OS  promotes  the  release  of  DAMPs  (damage-
associated  molecular  patterns),  especially  HSP70,  which  initiate
t
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he innate  response  from  the  activation  of  dendritic  cells  (DC)
nd the  participation  of  NK  cells  (natural  killer)  ---  Source:  the
uthors.

as  been  observed  that,  under  stress  situations,  they  can  be
ecreted  by  the  cell.  In  the  extracellular  environment,  the
dentification  of  these  proteins  by  cells  of  the  immune  sys-
em  results  in  signal  transduction  that  leads  to  the  release
f  proinflammatory  cytokines,  such  as  IFN�.  In  vitro  studies
ave  demonstrated  the  expression  of  HSP70  Lox-1  receptors
n  the  surface  of  dendritic  cells  in  vitiligo.  The  same  study
howed  that  HSP70  induces  the  maturation  and  activation  of
endritic  cells  (CD80+).71,72
The  induced  HSP70  is  present  in  lesional  and  perilesional
kin  in  vitiligo.  Studies  in  animal  models  have  demon-
trated  the  relationship  between  induced  HSP70  and  the
ecruitment  and  activation  of  inflammatory  dendritic  cells
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n  vitiligo.  Furthermore,  in  rats,  HSP70  has  been  shown
ot  only  to  be  necessary  but  sufficient  to  accelerate  skin
epigmentation.73 Finally,  a  study  that  introduced  a  mutant
SP70,  in  which  only  one  amino  acid  was  altered  in  its
tructure,  showed  that  it  was  able  to  promote  skin  repig-
entation  by  binding  to  dendritic  cells  and  inactivating

hem  and,  consequently,  inhibiting  the  subsequent  T-cell
esponse.  This  HSP70  molecule  with  an  amino  acid  change  is
onsidered  a  potential  treatment  for  vitiligo  and  is  expected
o  be  studied  in  clinical  trials.74

NLRP-1  (nuclear  localization  leucine-rich-repeat  protein
)  is  another  component  of  innate  immunity  identified
n  vitiligo.  Variants  of  the  DNA  sequence  in  the  NALP1
egion  are  associated  with  the  risk  for  several  epidemi-
logically  associated  autoimmune  and  autoinflammatory
iseases,  including  common  vitiligo.9 NLRP-1  is  a  key  reg-
lator  of  the  innate  immune  response.  By  recognizing  the
AMPs,  this  receptor  activates  the  inflammasome,  which,
hrough  the  caspase-1  pathway,  induces  the  processing  of
ro-IL1�  into  active  IL1�,  as  well  as  its  secretion  into  the
xtracellular  environment,  where  it  perpetuates  the  inflam-
atory  response.75 IL1�  plays  a  key  role  in  the  polarization

f  T  cells  towards  Th17.76 The  perilesional  skin  of  vitiligo,
here  the  disease  is  most  active,  shows  an  increase  in

L1�,  suggesting  that  this  pathway  is  also  involved  in  vitiligo
rogression.77 Therefore,  IL1�  inhibition  can  also  be  seen  as

 potential  therapeutic  target  in  vitiligo.

daptive  immunity

he  activation  of  innate  immunity  triggered  by  damage  to
elanocytes  affected  by  oxidative  stress  promotes  cytokine

ecretion  and  antigen  presentation,  resulting  in  the  adap-
ive  immune  system  activation,  in  which  autoreactive  T-cells
mplify  damage  to  melanocytes  in  vitiligo-affected  skin.

In  this  context,  cytotoxic  T-lymphocytes  (CD8+)  are  the
ain  cells  implicated  in  disease  pathogenesis.78 However,

lthough  antibodies  reactive  against  melanocytes  (e.g.,
nti-MelanA,  anti-MCHR1,  anti-tyrosinase,  anti-gp100,  and
nti-tyrosine  hydroxylase)  have  elevated  serum  titers  in
atients  with  vitiligo,  they  do  not  correlate  with  disease
ctivity.79 Nevertheless,  the  literature  is  controversial,  and
he  exact  role  of  anti-melanocyte  antibodies  in  vitiligo
emains  unclear.

The  type  I  IFN  pathway  is  a  key  point  for  the  start  of
he  vitiligo  immune  response.  The  IFN-I  signature  charac-
erizes  an  early  and  transient  event  in  its  progression  and  a
ink  between  the  innate  and  adaptive  immune  response.65

tudies  have  shown  that  IFN�, produced  mainly  by  plasma-
ytoid  dendritic  cells  (pDCs),  stimulates  the  production  of
hemokines,  such  as  CXCL9  and  CXCL10,  by  keratinocytes,
eading  to  the  recruitment  of  T-cells  expressing  their  recep-
or:  CXCR3.65,72 Furthermore,  HSP70  potentially  contributes
o  skin  inflammation  by  activating  pDCs  and  increasing  IFN�
ecretion.72

Cytotoxic  CD8+  T-cells  are  necessary  and  sufficient  for
he  destruction  of  melanocytes,  acting  as  an  effector  arm

f  autoimmunity.78 The  lesions  are  caused  by  effector  CD8+
-lymphocytes  in  the  initial  or  active  phase  of  the  disease
nd  by  recirculating  and  resident  memory  CD8  +  T  (TEM)  lym-
hocytes  in  the  stable  phase.  The  mechanism  of  aggression
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Figure  4  Representation  of  Interleukin  (IL)-15  transpre-
sentation  in  keratinocytes  induced  by  oxidative  stress  (OS)
and  the  interaction  of  interferon  gamma  (IFN�)  with  the
Janus kinase/signal  transducers  and  transcription  activators
(JAK/STAT)  pathway.  The  OS  promotes  the  transpresentation
of I-15  in  keratinocytes  through  the  binding  of  IL-15  to  the
heterodimeric  IL-15  receptor  (IL15R)  on  memory  CD8  +  T  lym-
phocytes,  consisting  of  CD122  and  CD132,  and  to  the  I-15�

receptor  (IL15R�)  on  keratinocytes  (CD215).  This  process  poten-
tiates the  activation  of  memory  CD8  +  T  Cells  and  the  production
of inflammatory  cytokines,  such  as  IFNy,  via  JAK/STAT  signal-
ing (JAK1-STAT3  and  JAK3-STAT5).  The  IFN�/STAT1/CXCL10  axis
conducts  the  autoimmune  destruction  of  melanocytes.  IFN� sig-
nals through  the  IFN�  receptor  (IFN�R)  to  stimulate  JAK1/JAK2
and activate  STAT1.  The  activation  induces  the  production  of
CXCL9 and  CXCL10,  which  signals  through  the  CXCR3  receptor
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s  based  on  the  production  of  inflammatory  cytokines  such  as
NF�  and  IFN�,  in  addition  to  the  release  of  granzymes  and
erforins,  which  cause  direct  damage  to  melanocytes.78,80

n  the  lymphocytic  infiltrate  of  the  periphery  of  the  depig-
ented  areas,  CD8+  T-lymphocytes  predominate,  and  this
nding  correlates  with  disease  activity.81

Melanocyte-specific  antigens  recognized  by  CD8+  T-cells,
uch  as  MelanA,  tyrosinase,  gp100,  and  tyrosinase-related
roteins  1  and  2,  are  detected  in  greater  numbers  in  the
eripheral  blood  of  patients  with  vitiligo  when  compared  to
ontrols.82 The  perilesional  skin  also  expresses  higher  levels
f  CD8+  T  lymphocytes  against  melanocyte  antigens  in  com-
arison  to  normal  skin.78 These  autoreactive  cells  are  able  to
estroy  melanocytes  in  vitro81 in  addition  to  inducing  apop-
osis  of  keratinocytes  and  melanocytes  in  a  pattern  similar
o  the  disease.78

IFN�,  and  the  genes  it  induces,  encode  the  CXCR3
hemokine  receptor  and  its  ligands  CXCL9  and  CXCL10,
hich  are  critical  for  the  activation  of  CD8+  T  cells,
nd  are  found  to  be  increased  in  the  skin  and  blood
f  patients  with  vitiligo.83,84 CXCL9  promotes  the  global
ecruitment  of  autoreactive  T-cells  but  with  no  effector
ction,  whereas  CXCL10  is  required  for  disease  progression
nd  maintenance.85 Moreover,  the  neutralization  of  CXCL10
n  animal  models  prevents  the  appearance  of  new  lesions
nd  induces  the  repigmentation  of  established  areas,85 iden-
ifying  the  therapeutic  potential  of  IFN�/CXCL10/CXCR3  axis
nhibition.86 Keratinocytes  are  the  main  sources  of  these
ytokines,  and  CXCL9  and  CXCL10  measurements  are  poten-
ial  biomarkers  of  disease  activity.84

The  Janus  kinase/signal  transducers  and  transcrip-
ion  activators  (JAK/STAT)  pathway  participate  in  the
mmunopathogenesis  of  vitiligo  through  its  interaction  with
FN�.  IFN�/CXCL10  signaling  starts  with  the  binding  of
FN�  to  its  heterodimeric  receptor,  which  stimulates  the
AK/STAT  pathway  and  leads  to  STAT1  activation.  Subse-
uently,  STAT1  translocation  to  the  nucleus  and  subsequent
inding  to  the  IFN�-induced  gene  promoter  region  such  as
XCL10  occur.  There  are  four  members  of  the  JAK  protein
amily,  including  JAK1,  JAK2,  JAK3,  and  tyrosine  kinase  2
TYK2).  JAK1  and  JAK2  are  directly  involved  in  IFN�  sig-
aling.  In  this  context,  some  studies  have  used  several  JAK
nhibitors  as  a  repigmentation  strategy.87

Vitiligo  recurrence  is  a  common  phenomenon,  often
ccurring  in  the  same  affected  site  prior  to  treatment.
his  pattern  of  recurrence  suggests  the  role  of  autoimmune
emory  in  the  maintenance  of  the  condition,  characterized
y  the  presence  of  memory  CD8  +  T  Cells  in  both  the  epider-
is  and  dermis,  which  act  as  sentinels  for  the  recruitment

f  T-effector  memory  cells  from  the  circulation.80 TRMs  are
ong-lived  lymphocytes  that  develop  after  the  start  of  a  T-
ell-mediated  immune  response.

Based  on  the  demonstration  that  TRMs  require  IL15  for
heir  differentiation,  the  interruption  of  the  IL15  pathway
sing  an  anti-CD122  antibody  caused  reversal  of  depigmen-
ation  in  mice  with  stable  vitiligo.  In  that  trial,  short-term
reatment  with  anti-CD122  inhibited  IFN-� production  by
RMs,  and  long-term  use  depleted  these  cells  from  the

esions.88 Additional  IL15  functions  have  also  been  mapped  in

ther  studies.  One  study  showed  that  IL15  causes  the  expres-
ion  of  NKG2D  in  memory  CD8  +  T  Cells  in  skin  with  vitiligo,
riggering  the  production  of  IFN�  and  TNF�.89 Additionally,

t
b
t

48
or the  recruitment  of  more  autoreactive  CD8+  T  cells  ---  Source:
he authors.

xidative  stress  has  been  shown  to  induce  IL15  transpre-
entation  in  keratinocytes,  contributing  to  the  activation  of
emory  CD8  +  T  Cells  through  the  activation  of  the  JAK/STAT
athway  (JAK1-STAT3  and  JAK3-STAT5).90 Thus,  blocking  IL15
ignaling  seems  to  be  promising  in  the  search  for  new  treat-
ents.
Fig.  4 details  the  IL15  transpresentation  in  keratinocytes

nduced  by  oxidative  stress  and  the  interaction  of  IFN� with
he  JAK/STAT  pathway.

CD4+  T-regulatory  cells  (Tregs)  act  to  maintain  tolerance
o  their  own  tissues  by  suppressing  the  activity  of  T-effector
ells.  In  vitiligo,  there  is  a  Treg  dysfunction,  although  it  is  not
nown  exactly  whether  due  to  the  inability  to  migrate  to  the
kin,  decreased  numbers,  or  activity  suppression.91 In  animal
odels  of  vitiligo,  there  is  control  of  disease  progression  and

epigmentation  of  lesions  with  the  re-establishment  of  the
reg  population.92

Alterations  of  the  adaptive  immune  system  are  demon-
trated  in  both  segmental  and  nonsegmental  vitiligo,  despite
ifferent  reactivity  patterns.  In  nonsegmental  vitiligo,  sys-
emic  immune  activation  occurs,  whereas  in  the  segmental

ype,  there  is  only  a  localized  cytotoxic  reaction,  proba-
ly  due  to  melanocyte  mosaicism.93 Tregs  are  unaffected  in
he  peripheral  blood  of  segmental  vitiligo  when  compared
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Table  2  Main  autoimmune  and  auto-inflammatory  diseases
associated  with  vitiligo.

Autoimmune  or  auto-inflammatory  disease
Alopecia  areata
Pernicious  anemia
Rheumatoid  arthritis
Atopic  dermatitis
Dermatomyositis
Type  1  Diabetes  Mellitus
Addison’s  disease
Crohn’s  disease
Graves’  disease
Systemic  scleroderma
Multiple  sclerosis
Systemic  lupus  erythematosus
Psoriasis
Ulcerative  colitis
Sjogren’s  Syndrome
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Figure  5  Representation  of  alterations  related  to  adap-
tive immunity  in  vitiligo.  Melanocytes  affected  by  oxidative
stress  (OS)  trigger  the  activation  of  innate  immunity  through
the secretion  of  exosomes,  which  contain  damage-associated
molecular  patterns  (DAMPs),  especially  heat  shock  protein
70 (HSP70).  HSP70  stimulates  the  secretion  of  IFN� by  den-
dritic cells  in  the  initial  phase  of  disease  progression,  which
induces  the  production  of  chemokines  CXCL9  and  CXCL10  by  ker-
atinocytes  and  the  recruitment  of  T-cells  expressing  the  CXCR3
receptor.  CXCL10  has  an  effector  action,  while  CXCL9  acts  on
the global  recruitment  of  autoreactive  CD8+  T-cells.  Effector
CD8+ T-cells  are  responsible  for  the  destruction  of  melanocytes
through  the  production  of  interferon  gamma  (IFN�),  release  of
granzymes  and  perforins,  facilitated  by  T-  regulatory  (Treg)  cell
dysfunction.  CD8+  tissue-resident  memory  T  cells  (TRM)  develop
after the  onset  of  the  T-cell-mediated  immune  response  and  are
i
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Hashimoto’s  Thyroiditis

o  controls.  On  the  other  hand,  Tregs  are  reduced  in  non-
egmental  vitiligo  and  associated  with  other  autoimmune
omorbidities,  less  frequent  in  segmental  vitiligo.  Moreover,
he  antibody  response  against  melanocyte-specific  antigens
ccurs  only  in  nonsegmental  vitiligo.

The  higher  frequency  of  autoimmune  comorbidities
n  patients  with  nonsegmental  vitiligo  and  also  in  their
elatives  reinforces  the  idea  of  vitiligo  as  a  pheno-
ypic  representation  of  a  systemic  autoimmune  imbalance.
omorbidities  vary  widely  with  the  studied  population  and
epend  on  sex,  age,  ethnicity,  and  vitiligo  subtype.  Table  2
ists  the  main  autoimmune  and  autoinflammatory  diseases
escribed  in  vitiligo,  with  autoimmune  thyroidites  being  the
ost  frequent  and  well-established  ones.  Also  noteworthy

re  ocular  and  auditory  abnormalities  due  to  the  presence
f  melanocytes  in  the  uvea  and  cochlea.3,94

The  development  of  vitiligo  and  halo  nevus  in  patients
ith  melanoma  is  a  well-described  phenomenon,  probably
ue  to  auto  aggression  to  melanocytes  induced  by  tumor
ntigens.  However,  this  occurs  in  10%  to  25%  of  patients
reated  with  checkpoint  inhibitors  (e.g.,  nivolumab,  pem-
rolizumab),  a  new  class  of  medication  for  metastatic
elanoma.  These  clinical  lesions  are  indistinguishable  from

he  common  vitiligo,  and  the  phenomenon  is  called  leuko-
erma  or  vitiligo-like  lesions;  however,  there  is  some  doubt
s  to  whether  their  origin  is  due  to  direct  cytotoxicity  to
elanocytes  or  the  development  of  autoimmunity  (vitiligo)

n  predisposed  patients.95

Fig.  5 outlines  the  main  changes  in  adaptive  immunity
nvolved  in  vitiligo.

The  exact  mechanism  by  which  topical  therapies  with
orticosteroids  and  calcineurin  inhibitors  affect  the  disease
athogenesis  has  yet  to  be  fully  elucidated,  but  it  is  believed
hat  they  reduce  the  lymphocytic  infiltrate  and  TNF� expres-
ion.  In  trauma-induced  injuries  (Köbner),  treatment  with
opical  corticosteroids  and  tacrolimus  reduced  the  underly-

96
ng  inflammatory  infiltrate.
Phototherapy,  in  addition  to  stabilizing  the  redox

alance,  suppresses  the  inflammatory  response,  promot-
ng  T-cell  apoptosis,  decreasing  inflammatory  cytokines,

a
o
m

48
mplicated  in  disease  maintenance,  being  retained  in  the  tissue
ue to  IL15  transpresentation  by  keratinocytes  ---  Source:  the
uthors.

ncreasing  IL10  (with  regulatory  T-cell  induction),  reducing
AK1  expression,  and  depleting  the  Langerhans  cells  of  the
pidermis.97

itiligo induced by chemical agents

hemical-associated  vitiligo,  also  called  leukoderma,  has
een  described  especially  in  rubber  industry  workers  in
ontact  with  phenolic  compounds.  The  first  identified  agent
as  hydroquinone  monobenzyl  ether  (monobenzone),  which

nduces  cell  death  without  activating  the  caspase  cascade  or
NA  fragmentation.98

Rhododendrol,  another  phenolic  compound  used  in
kin  lightening  treatments  responsible  for  an  outbreak  of
eukoderma  in  Japan,  promotes  cytotoxicity  via  a  tyrosinase-
ependent  mechanism.99

Hair  dyes  have  also  been  implicated  in  the  appear-
nce  of  leukoderma,  and  one  of  the  main  suspects  is
araphenylenediamine.  However,  the  causal  mechanism  by
hich  benzene  derivatives  cause  depigmentation  has  yet  to
e  elucidated.100
Chemical  leukoderma,  however,  does  not  share  the
utoimmunity  changes  (e.g.,  anti-TYRP1  antibody)  as  it
ccurs  in  vitiligo,  despite  promoting  direct  damage  to
elanocytes.101
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Table  3  Main  emerging  therapies  and  therapeutic  targets
in vitiligo.

Class  /  Drug  Therapeutic  target/
Action  mechanism

Mutant  HSP70  protein Innate  immunity
inhibition  ---  reduced
dendritic  cell  activation

HSP70iQ435A

Tyrosine  kinase  inhibitors Adaptive  immunity  ---
alteration  in
cytokine/chemokine
signaling  (IFNy,  CXCL10,
IL15)

Tofacitinibe  (JAK1/3)
Ruxolitinibe  (JAK1/2)
Cerdulatinib  (SYK/JAK  1/2/3)
ATI-50002  (JAK1/3)
PF-06651600  (JAK3)
PF-06700841  (TYK2/JAK1)

Anti-IL15  Biologicals Adaptive  immunity  ---
blocking  of  IL15
signaling

Anti-CD122  mAb
AMG  714  (Anti-IL15  mAb)
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HSP70, heat shock protein 70; JAK, Janus kinase; SYK, spleen
tyrosine kinase; TYK, tyrosine kinase; IFNy, interferon gama; IL,
interleukin; mAb, monoclonal antibody.

eural theory

he  neural  theory  of  vitiligo  is  based  on  the  clinical  observa-
ion  of  lesion  distribution:  on  dermatomes  in  the  segmental
ype  and  symmetrical  in  nonsegmental  vitiligo,  alluding  to
he  neuroimmunological  influence  in  vitiligo.  There  are  also
necdotal  cases  of  vitiligo  appearing  in  delimited  areas  after
erve  injury.102 Finally,  extreme  psychological  stress  is  a  fac-
or  classically  associated  with  the  development  of  vitiligo
nd  other  autoimmune  diseases;  although  the  pathophys-
ological  mechanism  involved  in  this  context  is  not  fully
lucidated,  whether  dependent  on  the  change  in  the  oxida-
ive  state,  the  modification  of  the  immune  tolerance  system,
r  the  participation  of  neurokinins.103

In  vitiligo,  neuropeptide  Y  is  increased  in  lesional  skin
nd  the  perilesional  area.104 Substance  P  is  increased  in  the
kin  of  stable  vitiligo  when  compared  to  unstable  disease,
uggesting  that  it  is  associated  with  vitiligo  stability.105

Extreme  physical  or  psychological  stress  increases  the
ynthesis  of  catecholamines  and  requires  the  activation  of
he  hypothalamic-pituitary-adrenal  axis,  which  interferes
ith  the  immune  system  regulation.  In  the  acute  stress
hase,  neutrophilia  occurs,  and  there  is  an  increase  in  NK
ells  in  the  plasma,  in  addition  to  proinflammatory  cytokine
mbalance,  with  an  increase  in  IL6,  resulting  from  the  secre-
ion  of  cortisol  and  catecholamines,  modulating  the  immune
esponse  and  the  development  of  autoimmune  and  autoin-
ammatory  diseases.106

merging therapies

he  three  emerging  vitiligo  therapeutic  classes  that  are  at
he  most  advanced  stage  of  development  and  are  associ-

ted  with  the  most  important  pathogenic  pathways  are  the
yrosine  kinase  inhibitors  (e.g.,  JAK1,  JAK2,  JAK3,  TYK2),
nti-IL15,  and  mutant  HSP70.74,88,107 Table  3  shows  the
merging  drugs  according  to  their  pathophysiological  target.
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onclusion and future research

he  understanding  of  the  pathogenesis  of  vitiligo  develops
n  parallel  with  the  knowledge  of  the  genetic  regulation
f  the  phenomena  linked  to  OS  and  the  cutaneous  immune
esponse.

The  epigenetic  control  of  the  gene  expression  linked
o  these  phenomena  can  be  an  integrator  of  these  pro-
esses  since  environmental  and  dietary  factors,  behavioral
esponse  patterns  to  stress,  and  the  increasing  exposure  to
ndustrialized  compounds  are  intensely  present  in  modern
ife,  especially  air  pollution  and  aromatic  compounds.108,109

The  regulation  of  pathways  related  to  transport  vesi-
les  (exosomes)  between  keratinocytes,  melanocytes,  and
nflammatory  cells  constitutes  another  factor  that  should
lucidate  the  interaction  between  the  cell  damage  process,
elanogenesis,  and  the  immune  response  in  vitiligo.110

The  role  of  intestinal  dysbiosis  in  inflammation  modu-
ation,  OS,  and  autoimmunity  may  disclose  susceptibility
rofiles  and  the  clinical  expression  of  vitiligo,  as  increased
ntestinal  permeability  favors  the  activation  of  innate  immu-
ity  and  promotes  systemic  inflammatory  stimulation.111

Finally,  the  importance  of  hypovitaminosis  D,  a  modern
pidemic,  in  the  immune  response  regulation,  as  well  as  the
ffect  of  its  supplementation  as  an  adjunct  to  treatment,
ust  be  explored  since  patients  with  vitiligo  have  lower

evels  of  vitamin  D.112

In  conclusion,  the  pathogenesis  of  vitiligo  results  from  an
nteraction  of  elements  (multifactorial),  which  suggests  a
enetic  susceptibility  basis,  affected  by  environmental  fac-
ors,  oxidative  stress,  psychological  factors,  and  patterns  of
utoimmune  response.  The  integration  of  these  theories  is
he  main  challenge  in  the  construction  of  pathophysiological
odels.
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