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Abstract  Despite  advances  in research,  the  pathophysiology  of  food  allergy  has  not  yet  been

fully elucidated.  IL-10  has  both  a  pro-  and  anti-inflammatory  effect  on  the  development  of

food allergy  and in order  to  understand  its  different  immune-modulatory  effects  the factors

that influence  the inflammatory  microenvironment  need  to  be taken  into  account.  Specific

single nucleotide  polymorphisms  of  the  IL-10  gene  seem  to  confer  an increased  risk  of  devel-

oping food  allergy,  but  to  date  there  is a  substantial  lack  of  genome-  wide  association  studies

regarding  the  genetic  and  epigenetic  underpinnings  of  the  disease.  Special  interest  has  been

drawn to  the  development  of  allergen-specific  regulatory  CD4+CD25+  T-cells  secreting  IL-10

in the immunotherapy  of allergic  diseases.  In  addition,  a  distinct  population  of  human  tolero-

genic dendritic  cells  (DC),  DC-10  seems  to  hold  great  potential  and  could  potentially  serve  as  a

therapeutic tool  to  improve  the  management  of food  allergy.
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Introduction

In  recent  years,  intensive  research  on  food  allergy  has
provided  the evidence  that  the pathogenesis  of  allergic
reactions  to  food  antigens  is  far  more  complex  than  previ-
ously  considered.  New  insights  include  gene-  environmental
interactions  that  seem  to  play  an important  role  in  the
development  of food  sensitization.  Since  genetic  predispo-
sition  does  not  always  lead  to  the development  of  allergic
disease,  research  has also  focused  on  the  influence  of  epi-
genetic  regulation  in genetically  susceptible  individuals.
Special  interest  has  been  drawn  to  the impact  of  early  micro-
bial  colonization  on  the development  of  innate  and  adaptive
immune  pathways.  Despite  these  advances,  food  avoidance
remains  the  mainstay  of the management  in food  allergy,
and  immunotherapy  aiming  at establishing  early  oral  toler-
ance  is  largely  the  realm  of  clinical  trials  with  promising
results.

Undoubtedly,  the  complex  pathways  leading  to T-  helper
cell  type  2  (Th2)  immune  responses  against  food  antigens
cannot  be  attributed  to  a single  driving  force.  It is,  how-
ever,  of  special  interest  that of all  cytokines,  interleukin  10
(IL-10)  is  the  only one  that  can  both  promote  and  downregu-
late  Th2-  dependent  allergic  responses  and  this  review  shall
focus  on  the  existing  evidence  of  the  unique  role  of IL-10  in
the  development  of  food  allergy.

Why IL-10 is different  compared to other
cytokines

There  is an  increasing  body  of  evidence  suggesting  that
the  ultimate  effects  of  IL-10  vary  substantially  depend-
ing  on  the  experimental  content  and  the cell  types  under
investigation.  IL-10 is  a V-shaped  homodimer  with  a  molec-
ular  weight  of 37 kDa.  The  human  IL-10 contains  178  amino
acids  with  a 160-  amino  acid  mature  segment  and  an 18  -
amino  acid  signal  sequence.  It  seems  that  the  regulation
of  its expression  is  complex  and  delicately  controlled  at
both  transcriptional  and  post-  transcriptional  level.1---4 IL-10
and  IL-10  receptor  (IL-10R)  deficiencies  caused  by  loss-of-
function  mutations  in the  genes  encoding  IL-10  or  IL-10R
are  rare  primary  immunodeficiencies  resulting  in severe  dys-
regulation  of  the immune  system  and  affect  patients  with
severe  early  onset  inflammatory  bowel disease  resistance
to  conventional  immunotherapy  often  requiring  allogenic
hematopoietic  stem  cell  transplantation  (HSCT).5

IL-10  was  originally  named  cytokine  synthesis  inhibitory
factor;  as  a  product  of T helper  (Th)  type  2 cells,  it
shows  the  ability  to  inhibit  T-helper  1 activation  and  T-
helper  1 cytokine  production.6 Over  the  years,  it has  been
demonstrated  that in addition  to  Th2  cells,  there  is  a wide
variety  of  haematopoietic  cells producing  IL-10,  including
macrophages,  monocytes,  dendritic  cells  (DCs),  B cells,  reg-
ulatory  T  cells  (Tregs),  Th1  cells,  CD8  +  T  cells  and Th 17
cells.7 Special  interest  has been  drawn  to the  key  role  of  IL-
10  on  T-cell  development  and differentiation  by  inhibiting
the  activation  and  maturation  of macrophages  and  dendritic
cells.  However,  its biological  role  is  not confined  to  the  anti-
gen  presenting  cells,  as  IL-10  exerts  an enhancing  effect  on
B  cells,  mast  cells,  granulocytes,  keratinocyte  growth  dif-

ferentiation  and natural  killer  (NK)  cell proliferation  and
activation.1,8

The  complex  interplay  between  the genetic  regu-
lation,  the wide  cellular  sources  and  the pleiotropic
effect  of  IL-10 has  made  it challenging  to  fully  elucidate
the molecular  mechanisms  that  modulate  the cell type-
specific  IL-10  expression.  Therefore,  research  is  focusing
on  genomic  boundaries,  epigenetic  modifications  and  tran-
scriptional/posttranscriptional  regulators  that  seem  to  be
the main  factors  governing  the  IL-10 expression  in  vivo  in
host  responses  to  inflammation.9---12

The  role of  IL-10  in immune  responses  in food
allergy

It has  been  well  described  that  in order  to  understand  why
individuals  develop  food  allergies,  we  need to  elucidate
the  factors  that  disturb  the  innate  surveillance  system  that
promotes  oral  tolerance  (OT).  The  development  of OT  is  a
complex  process  and  is  defined  as  the  active  suppression  of
specific  immune  responses  to  antigens  first  encountered  in
the  gastrointestinal  tract  that  requires  intact physical  bar-
riers,  digestive  enzymes,  gastric  acid,  and  specialized  cells
in the GI  tract (intestinal  epithelial,  dendritic  and  microfold
cells).13,14

Maintaining  homeostasis  is  one  of the  two  phases  of  the
immune  response  in OT  and  under  homeostatic  conditions,
the tight  junctions  between  the enterocytes  prevent  the
paracellular  passage  of  the  antigens.15---17 It  is  important  that
this  initial  phase  is  not  interrupted,  given  that  the  GI tract
encounters  a significant  protein  load  up to  100gr  daily.18

The  second  phase  of  OT  aims  at suppressing  the immune
responses  to  antigens,  a  process  that  is  mediated  by  antigen-
specific  regulatory  T cells  (Tregs).19

Animal  models  have  demonstrated  that  the role  of  Tregs
in OT  is  crucial.20---22 In particular,  the  peripherally  induced
antigen-  specific  CD4+CD25+  Foxp3+  Tregs  is  the subtype  of
Tregs  that  governs  oral  tolerance.23 Mouse  models  have  been
used  to  show that  after the  generation  of Tregs  in  the lymph
nodes,  they  need to  undergo  local  expansion  in  the  gut  to
induce  oral  tolerance.  On  the  contrary,  depletion  of  spe-
cific  forkhead  box  P3  (Foxp3)  cells  abolishes  established  oral
tolerance.24 These  findings  are  in  keeping  with  the results  of
the  group  of  Torgerson  who  demonstrated  that  the absence
of  functional  Foxp3-  expressing  regulatory  T  cells  secondary
to  a  mutation  in  the  Foxp3  locus  is  associated  with  a  loss  of
peripheral  tolerance  and  severe  food  allergy  in humans.25

It has been  well  described  that  atopic disorders  and
elevated  serum  IgE  levels  occur  in  a  number  of  primary
human  immunodeficiencies.  The  crossroads  of autoimmunity
and  immunodeficiency  become  more  evident  in  immunodys-
regulation,  polyendocrinopathy  and enteropathy,  X  linked
(IPEX)  syndrome  that  affects  male  subjects  afflicted  with
a  mutation  in  FOXP3. Patients  with  IPEX  syndrome  can
present  with  severe  atopic disease  manifesting  as  eczema
and  food  allergy  with  peripheral  eosinophilia  and increased
IgE  level.26---28 Autosomal  recessive  combined  immunodefi-
ciencies,  such as  the dedicator  of  cytokinesis  8  (DOCK8)
deficiency,  have  also  been  reported  to  present  as  an
IPEX-  like syndrome  with  similar  atopic  manifestations.29

In Wiskott-  Aldrich  syndrome  (WAS)  patients  demonstrate
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increased  frequency  of sensitization  to food  allergens  and
increased  prevalence  of clinically  relevant  food  allergy  in
childhood.  Experimental  studies  on  WAS  protein  (WASP)  defi-
cient  mice  demonstrated  that  WAS  deficiency  limited  to
Foxp3+  Tregs  resulted  in  a  strongly  Th-2  skewed  inflamma-
tion  of  the  small  intestine  which was  exacerbated  compared
with  that  of  complete  Was −/− counterparts,  indicating  that
WASP  is required  for  Foxp3+  Tregs  to  exert  selective  control
over  Th2-type  immune  responses.30

Tregs  seem  to  play  a  central  role  in  the maturation  of
the  immune  system  and the  onset  of  immune-mediated  dis-
eases.  Studies  in pre-term  and full-term  infants  showed
similar  or  even  superior  Treg  percentages  and  absolute
counts  to  those in adolescents  and  adults  signifying  their
implication  in  maternal-fetal  tolerance.31 On  the contrary,
the  deficit  of  Tregs  seems  to  be  a  predisposing  factor  for
food  allergy  onset  in infants.32

In  addition,  a recent  study  focused  on  the  role  of  dietary
non-digestible,  short-chain  galacto-,  long-chain  fructo,  and
pectin-derived  acidic  oligosachharides  (GFAs)  showed  that
dietary  GFAs  enhance  the Treg  frequency  in the mesenteric
lymph  nodes  and mucosal  IL-10  and  transforming  growth
factor  beta  (TGF)  transcription  while  suppressing  the  aller-
gic  effector  response.  This  allergy-protective  effect  of  the
GFA  diet  was  mediated  by  IL-10 and TGF-�  in cow-milk-
allergic  mice.33 It  has  also  been  suggested  that  vitamin
D  improves  the generation  of allergen-specific  Treg  cell
populations  and  therefore  carries the potential  to  be con-
sidered  as  a safe  therapeutic  option  in the management  of
food  allergy.  The  group  of Mabrouk  et al. recently  reported
that  vitamin  D deficiency  is  common  in children  with  IgE
and  non-IgE  food  allergy  along with  decreased  number  of
CD4+CD25highFoxp3+IL10+  Treg  cells  that  increased  after
the  in  vitro  addition  of  vitamin  D with  increased  Foxp3  and
IL-10  expression.34

Two  inhibitory  cytokines,  IL-10 and TGF-  �, contribute  to
the  ability  of  Tregs  to induce  a tolerant  immune  response
to  antigens.13 The  suppression  of the Th2-responses  is  medi-
ated  by  the  induction  of  allergen  specific  CD4+CD25+Foxp3
Tregs  by  dendritic  cells  (DC)  that  produce  IL-10.35---37 It  is
thought  that  DC-derived  IL-10  contributes  to the  reduc-
tion  of  inflammatory  responses  to  allergens  in subjects
receiving  immunotherapy  as a result  of the suppression  of
high-affinity  IgE  receptor  Fc  epsilon  receptor  I-dependent
pro-inflammatory  responses.38,39 IL-10’s  key role  as  a regu-
latory  cytokine  includes  the  ability  to  decrease  the  synthesis
of  IgE  and  the  survival  of  eosinophils.40,41 Low-dose  oral  tol-
erance  against  a  potent  milk  allergen,  beta lactoglobulin
(BLG)  has  been  shown  to  be  mediated  by  BLG-  specific/IL-10
secreting  T regulatory  type  1  cells  (Tr1)  in Peyer’s  patches
that  inhibit  the  T-cell  proliferative  response  in vitro  and
T-cell  mediated  inflammation  in vivo.42,43

Interestingly,  there  is  also  evidence  from  animal  models
that  IL-10  may  have both  pro-  and  anti-  inflammatory  effects
during  immune  responses.  It  was  recently  described  that
IL-10  modulates  the development  of  food  allergy  to  the
experimental  food  allergen  ovalbumin  by  promoting  the
expansion  of  the  mucosal  mast  cells  and  influencing  their
function  during  food  allergy.  These  observations  lead  to the
conclusion  that  perturbations  of  IL-10 activity  may  mod-
ulate  the  outcome  of  the allergic  response  in  susceptible
individuals.22 In accordance  with  these findings,  the group

Table  1 Effects  of IL-10  on the  immune  components

involved  in  allergic  diseases.

Immune

component

Effect  of  IL-10

IgE  Suppression  of  allergen-specific  IgE

Eosinophils  Inhibition  of  survival

Inhibition  of  cytokine  production

Mast  cells  Inhibition  of  activation  and  cytokine

production

T cells  Suppression  of  allergen-specific  effector

T cells

IL-10-TR1  cells Promotion  of  IL-10-Treg  induction

B cells Enhancement  of  survival

Suppression  of  allergen-specific  IgE

Promotion  of  IgG  production

DCs Inhibition  of  maturation

Reduction  of  MHC  class  II/co-stimulatory

ligand  expression

Inhibition  of  pro-inflammatory  cytokine

secretion

Inhibition  of  antigen  presentation  for

stimulation  of  T-cells

of  Geha  et  al.  described  the  role  of  antigen  presenting  cells
(APCs)  and  T  cells  in IL-10  skewing  the Th response  towards
Th2  in a  mouse  model  of  allergic  dermatitis,  highlighting
how  IL-10  plays  a  key  role  in balancing  the progression  and
resolution  of  allergic  responses.44

In line  with  this,  experimental  studies  on  IL10-/-  mice
have  shown  that  IL-10  is  a key mediator  of immune  reg-
ulatory  function.  Resident  enteric  microbiota  selectively
induced  intestinal  IL-10-  producing  B cells  through  TLR2,
MyD88  and  PI3K  pathways  and  these  B cells  reduced  colonic
T  cell  activation  and maintained  mucosal  homeostasis  in
response  to  intestinal  microbiota.45 The  association  of  the
gut microbiome  with  the immune  mechanisms  involved  in
food  allergy  was  further  investigated  in a  study  aiming  to
demonstrate  whether  exposure  of  BALB/c  mice  to  bifidobac-
terium  bifidum  TMC3115  in  early  life  influences  immunity
and  alleviates  the risk  of  IgE-mediated  allergies  in  adult-
hood.  The  study  demonstrated  that  neonatal  mice  exhibited
less  increase  in serum  IgE  levels  induced  by  ovalbumin  and
significantly  higher  tumor  necrosis  factor-  alpha  (TNF-  a)  and
IL-10  levels  than  in the control  in adult  mice.46

Table 1  summarizes  the pleiotropic  effects  of  IL-10  on
specific  IgE  and  different  cell types  involved  in allergic
diseases.47 Fig. 1 demonstrates  the  immune  pathways  via
which Tregs  and  IL-10  regulate  food  allergy.48,49 It  is  thought
that in order  to  understand  the  different  immune-regulatory
effects  of  IL-10,  we need to take  into  account  the fac-
tors  that  influence  the  inflammatory  environment  (type  of
stimulus,  genetic  background  of the cells  used,  cell  culture
conditions).22,50---53

Single  nucleotide polymorphisms of the IL-10
gene in food allergy

Genetic  testing  in chronic  diseases  has been  proven  to  be
important  as  causal  mutations  can  influence  the  course  of
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Fig.  1  Treg-mediated  regulation  and  suppression  of  food

allergy.  Defects  in  epithelial  barrier  can  allow  antigens  to

enter  the  lamina  propria  and  trigger  T cell  activation.  Induced

allergen-specific  Tregs  skew the  immune  responses  to  a  Th2-like

phenotype  and  the  production  of  pro-inflammatory  cytokines

via dendritic  cell  pathways.

the  disease  and  help  with  the  identification  of  patients  at
risk  who  might  benefit  from  early  interventions.  Advances
in  sequencing  and  genotyping  have  shed light on  the genetic
mechanisms  that  contribute  to  the development  of  food
allergy,  with  most  studies  focusing  on candidate  genes  and
the  association  with  specific  variants.54 Even  though  lim-
ited  genetic  research  has been  carried  out  in food  allergy,
a  recent  systematic  review  identified  that  the  most  repro-
ducible  genes  for  an association  with  food  allergy  to  date
include  those  of filaggrin  (FLG),  human  leukocyte  antigen
(HLA)  and  interleukin  13  (IL13).55

The  gene  of  IL-10  is  located  on  the long  arm of  chro-
mosome  1 (q31-q32).  The  production  of  the  cytokine  is
associated  with  two  single  nucleotide  polymorphisms  (SNP)
loci  at  positions  G-1082A  and  C-627A  that  lie  on  the putative
transcription  factor-binding  sites.56,57 A retrospective  study
in  220  Japanese  children  investigated  the  role  of  IL-10 as
a  regulatory  cytokine  of  allergy  and  the  results  indicated
that  the  genotype  -627  A/A  was  associated  with  lower  IL-
10  production  and  higher  IgE  level  in  the  serum.  The  sever-
ity  of  food  allergy  could  not  be  attributed  to  a single  SNP,
but  it  was  the  combination  of  SNPs,  laboratory  parameters
and  environmental  factors  that  appeared  to  determine  the
severity  of  the disease.58 In the same  population,  another
study  did  not observe  an  association  between  IL-10 -627AA

SNP  and  the  prevalence  of  food  allergy59 and  these findings
were  in keeping  with  the results  of  the Brown  et  al.  group
that  however  reported  a significant  difference  in the gene
expression  level  of  the SNPs  IL-10  (C-627A)  between  patients
with  positive  radioallergosorbent  test  (RAST)  versus  RAST
negative  patients.60

A statistically  significant  association  between  the  -1082

AA  genotype  and  the risk  for  food  allergy  was  demonstrated
by  Campos et al.59 Five IL-10 SNPs  (−3575A/T,  −2489A/G,

−2763A/C,  −1082G/A,  −592C/A)  were  studied  in a cross-
sectional  study  in Brazil  that  included  children  older  than
five  years  of  age with  IgE-mediated  cow’s  milk  allergy  (CMA).
The  presence  of  the  G  allele at G-1082A  conferred  a twofold
risk  of developing  persistent  CMA (p < 0.001)  and  the  risk
was  even  higher  in the persistent  CMA  group  compared  with
the tolerant  group.61 Table  2 shows  the  studies  on  IL-10
gene  polymorphisms  associated  with  food  allergy  in pedi-
atric  patients  and  their  outcomes.

In the last  few  years,  the  focus  of  research  into  food
allergy  has  shifted  from  a  candidate  gene  approach  to
genome-wide  association  studies  that provide  the  ability  to
discover  novel  disease  candidate  genes  associated  with  mod-
erate  disease  risk.62 Today  there  is still  a considerable  lack
of  knowledge  regarding  the  genetic  and  epigenetic  under-
pinnings  of  food  allergy  underscoring  the need  to  explore
the  genetic  variants  specifically  associated  with  clinical  food
allergy.63,64

Serum IL-10 levels in  children  with  food
allergy

It has  been  proposed  that  children  with  food  allergy  have
reduced  numbers  of  TGF-�-producing  T cells  in their  intesti-
nal  mucosa  and IL-10  producing  T  cells  in  their  circulation.
Food-sensitized  patients  with  supportive  skin  tests  and
allergen-specific  IgE  measurements  exhibited  a  lower  pro-
portion  of  T  cells  spontaneously  secreting  IL-10  without
antigen  stimulation  compared  with  controls.65 Functional
differences  have  also  been shown  in association  with  the
IL-10  promoter  gene  polymorphisms  and  particularly  the
AA/AA  haplotype  homozygotes  at position  -592  had  signifi-
cantly  decreased  serum  levels  of IL-10 in children  with  food
allergy.66 On  the contrary,  comparison  of  the IL-10 produc-
tion  in  RAST  positive  and  RAST  negative  patients  showed
a  significant  increase  in IL-10  production  in RAST  positive
patients  indicating  altering  phenotypic  responses  in patients
with  various  food  allergies.60 Table  2  summarizes  the studies
on  IL-10  gene  polymorphisms  associated  with  food  allergy  in
children  and  their  outcomes.

The  cow’s  milk-specific  T-cell  response  of  donors  with
various  allergic  backgrounds  was  investigated  by  Tiemessen
et  al. and  their  results  showed  that activated  cow’s  milk
specific  T-cell  clones  of  cow’s  milk  tolerant  control  subjects
were  characterized  by  the production  of IL-10,  suggesting
that  activated  CD4  + T cells  with  high  CD25  expression  might
contribute  to  the tolerogenic  immune  response  towards  an
antigen  through  the production  of IL-10.67 Determination  of
cytokine  response  to  �-lactoglobulin  (BLG)  has  also  revealed
significantly  higher  IL-10  levels  during  the  tolerance  phase
with  a  parallel  increase  in BLG-  IgG4  and BLG-IgG4/IgE  ratio
in  children  with  cow’s  milk  allergy.68 In keeping  with  these
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Table  2  Studies  on  IL-10  gene  polymorphisms  associated  with  food  allergy  in  pediatric  patients.

Group  Country  Number  of

children

Studied

polymorphism(s)

Outcome

Negoro  T

et al.  (2006)

Japan  220  C-627A  −627AA  genotype  is  associated

with  lower  IL-10  production  and

higher  IgE serum  level.

Campos A  et  al.

(2008)

Japan  111  G-1082A

C-819T

C-627A

−1082  AA  genotype  is associated

with  food  allergy  susceptibility.

Brown P

et  al.  (2012)

USA  31

(Black,  White,

Hispanic)

C-627A  Significant  difference  in the  gene

expression  level  of  C-627A

between  RAST positive  versus

RAST  negative  patients.

Chen T

et  al.

(2012)

Taiwan  37  C-592A

G-1082A

AA/AA  haplotype  homozygotes  at

position  -592  have  significantly

decreased  serum  levels  of  IL-10.

Jacob C et  al.  (2013)  Brazil  50  A-3575T

A-2849G

A-2763C

G-1082A

C-592A

Homozygosis  for  the G allele  at

the G-1082A  polymorphism  is

associated  with  the  persistent

form  of cow’s  milk  allergy.

findings,  other  groups  have  reported  that the  increase  in
IL-10  levels  might  be  a useful  tool  in the  diagnosis  of  food
tolerance  in  previously  food  allergic  patients.69,70 A recent
double-blind  placebo-controlled  study  of  school-aged  chil-
dren  with  CMA  who  were  treated  with  oral  immunotherapy
(OIT)  showed  that  at  the end  of the  OIT  study  the  serum  IL-
10  and  IL-6  were  higher  in  the active  group.  However,  even
though  there  was  a  significant  change  in other  biomarkers,
the  rise  of  IL-10  between  the start and  the  end  of OIT was
not  significant  when  the  changes  during the blinded  and  open
OIT  were  analysed  together  for  both  groups.71

Immunotherapy of  allergic diseases: does
IL-10  have  a key  role to  play?

Based  on  the  above  observations,  it  would be  reasonable  to
suggest  that  key steps  in allergen-specific  immunotherapy
(AIT)  should  target  the development  of  allergen-specific  reg-
ulatory  CD4+CD25+  T  cells  secreting  IL-10  and/or  TGF-  � and
the  recovery  of  effector  T-  cells  by  cytokines  from  the tissue
microenvironment.70 Oral  immunotherapy  with  the admin-
istration  of  gradually  increasing  quantities  of  the  antigen  to
which  the  patient  is  allergic  achieves  some  level  of  desensiti-
zation,  but  the  ability  to  induce  long-term  tolerance  has  not
been  routinely  established  yet.72 Clinical  research  and ani-
mal  models  have  provided  evidence  about  novel  strategies
and  the  promising  use  of  adjuvants  that  can  induce a  quicker,
more  potent  and  longer-  lasting  AIT  immune  response.73,74

The  therapeutic  utilization  of IL-10  against  autoimmune
diseases  has  not  been  proven  effective  and this has been
attributed  to the  complexity  of  the immunomodulatory
properties  of IL-10  and  the existence  of  feed-forward  and

feedback  pathways  that  cannot  be replicated  by  the simple
offering  of  exogenous  IL-10.75 To  overcome  these  challenges,
research  has focused  on  dendritic  cells  (DCs) and  specifi-
cally  DC-10  that  comprise  a  distinct  population  of  human
tolerogenic  dendritic  cells  (tolDCs).

DC-10  have entered  the  clinical  arena as  inducers  of
antigen-specific  T regulatory  type  1  (Tr1)  and  emerging
evidence  indicates  that  IL-10-  modulated  mature  DCs  are
the  best-suited  cells  for  tolDC-based  therapies.76---78 IL-10
producing  DC  subsets  have been  shown  to  suppress  allergen-
specific  Th2-responses  via the induction  of  either Th1, Th1-
like  Tregs,  CD4+CD25+Foxp3+  Treg  or  TR1  cells  and  there-
fore  DC-based  vaccination  approaches  hold great  potential
to  improve  the treatment  of  allergic  diseases.79

Conclusion

The  evolving  understanding  of the  pathogenesis  of food
allergy  emphasizes  the  need  for  the  suppression  of  antigen
specific  T-cell  responses  to  achieve  effective  prevention  and
treatment  of  the  disease.  Undoubtedly,  IL-10 has  a  unique,
pleiotropic  role  in regulating  excessive  immune  responses,
but  it remains  to  be  clarified  if the  dendritic  cells  with
a  pro-tolerogenic  IL-10-  producing  phenotype  can  serve  as
the  therapeutic  approach  that  will  lead to  the treatment  of
allergic  diseases.

Funding sources

None  declared.



406  N.  Nedelkopoulou  et  al.

Conflict of  interest

The  authors  have  no  conflict  of  interest  to  declare

References

[1]. Mannino MH Zhu Z, Xiao H, Bai  Q, Wakefield MR,

Fang Y. The paradoxical role of  IL-10 in immu-

nity and cancer. Cancer Lett. 2015;367(2):103---7,

http://dx.doi.org/10.1016/j.canlet.2015.07.009.

[2]. Lucas M, Zhang X, Prasanna V, Mosser DM. ERK activation

following macrophage FcgammaR ligation leads to chromatin

modifications at the IL-10 locus. J Immunol. 2005;175(1):469---77

http://www.ncbi.nlm.nih.gov/pubmed/15972681. Accessed

March 10, 2019.

[3]. Batten M, Kljavin NM, Li J,  Walter MJ, de Sauvage FJ, Ghilardi

N. Cutting edge: IL-27 is a potent inducer of IL-10 but not

FoxP3 in murine T  cells. J Immunol. 2008;180(5):2752---6

http://www.ncbi.nlm.nih.gov/pubmed/18292493. Accessed

March 10, 2019.

[4]. Powell MJ, Thompson SA, Tone Y, Waldmann H, Tone

M. Posttranscriptional regulation of IL-10 gene expres-

sion through sequences in the 3’-untranslated region. J

Immunol. 2000;165(1):292---6 http://www.ncbi.nlm.nih.gov/

pubmed/10861064. Accessed March 10, 2019.

[5]. Engelhardt KR, Shah N,  Faizura-Yeop I, et al. Clinical

outcome in IL-10--- and IL-10 receptor---deficient patients

with or without hematopoietic stem cell transplan-

tation. J  Allergy Clin Immunol. 2013;131(3):825---30,

http://dx.doi.org/10.1016/j.jaci.2012.09.025, e9.

[6]. Fiorentino DF, Bond MW, Mosmann TR. Two types of  mouse T

helper cell. IV. Th2 clones secrete a factor that inhibits cytokine

production by Th1 clones. J Exp Med. 1989;170(6):2081---95

http://www.ncbi.nlm.nih.gov/pubmed/2531194. Accessed

March 10, 2019.

[7]. O’Garra A, Vieira P. T(H)1 cells control themselves by pro-

ducing interleukin-10. Nat Rev Immunol. 2007;7(6):425---8,

http://dx.doi.org/10.1038/nri2097.

[8]. Carson WE, Lindemann MJ, Baiocchi R, et al. The func-

tional characterization of interleukin-10 receptor expression

on human natural killer cells. Blood. 1995;85(12):3577---85

http://www.ncbi.nlm.nih.gov/pubmed/7540068. Accessed

March 26, 2019.

[9]. Yu H-R, Tsai C-C, Chang L-S, et  al. l-Arginine-Dependent

Epigenetic Regulation of Interleukin-10, but Not Trans-

forming Growth Factor-�,  Production by Neonatal

Regulatory T  Lymphocytes. Front Immunol. 2017;8:487,

http://dx.doi.org/10.3389/fimmu.2017.00487.

[10].Iyer SS, Cheng G. Role of interleukin 10 transcrip-

tional regulation in inflammation and autoimmune

disease. Crit Rev  Immunol. 2012;32(1):23---63

http://www.ncbi.nlm.nih.gov/pubmed/22428854. Accessed

March 26, 2019.

[11].Reuss E, Fimmers R, Kruger A, Becker C, Rittner

C, Höhler T. Differential regulation of  interleukin-10

production by genetic and environmental factors–

a twin study. Genes Immun. 2002;3(7):407---13,

http://dx.doi.org/10.1038/sj.gene.6363920.

[12].Larsson L, Thorbert-Mros S, Rymo L, Berglundh T. Influence

of epigenetic modifications of  the interleukin-10 promoter

on IL10 gene expression. Eur J Oral Sci. 2012;120(1):14---20,

http://dx.doi.org/10.1111/j.1600-0722.2011.00917.x.

[13].Pelz BJ, Bryce PJ. Pathophysiology of Food

Allergy. Pediatr Clin North Am. 2015;62(6):1363---75,

http://dx.doi.org/10.1016/j.pcl.2015.07.004.

[14].Tordesillas L, Berin MC. Mechanisms of Oral Toler-

ance. Clin Rev Allergy Immunol. 2018;55(2):107---17,

http://dx.doi.org/10.1007/s12016-018-8680-5.

[15].Tordesillas L, Berin MC. Mechanisms of Oral Toler-

ance. Clin Rev Allergy Immunol. 2018;55(2):107---17,

http://dx.doi.org/10.1007/s12016-018-8680-5.

[16].Tordesillas L, Gómez-Casado C, Garrido-Arandia M, et  al. Trans-

port of  Pru p 3 across gastrointestinal epithelium - an essential

step towards the induction of  food allergy? Clin Exp Allergy.

2013;43(12):1374---83, http://dx.doi.org/10.1111/cea.12202.

[17].Perrier C, Corthésy B. Gut permeability and

food allergies. Clin Exp Allergy. 2011;41(1):20---8,

http://dx.doi.org/10.1111/j.1365-2222.2010.03639.x.

[18].Steele L, Mayer L,  Berin MC. Mucosal immunology of  tol-

erance and allergy in the gastrointestinal tract. Immunol

Res. 2012;54(1-3):75---82, http://dx.doi.org/10.1007/

s12026-012-8308-4.

[19].Tsuji NM, Kosaka A. Oral tolerance: intestinal home-

ostasis and antigen-specific regulatory T cells. Trends

Immunol. 2008;29(11):532---40, http://dx.doi.org/10.1016/

j.it.2008.09.002.

[20].Schouten B, van Esch BCAM, Hofman GA, et al.

Oligosaccharide-induced whey-specific CD25(+) regu-

latory T-cells are involved in the suppression of  cow

milk allergy in mice. J  Nutr. 2010;140(4):835---41,

http://dx.doi.org/10.3945/jn.109.116061.

[21].Yamashita H, Takahashi K,  Tanaka H, Nagai H,  Inagaki N. Over-

coming food allergy through acquired tolerance conferred by

transfer of  Tregs in a murine model. Allergy. 2012;67(2):201---9,

http://dx.doi.org/10.1111/j.1398-9995.2011.02742.x.

[22].Polukort SH, Rovatti J, Carlson L, et  al. IL-10 Enhances

IgE-Mediated Mast Cell Responses and Is Essential for

the Development of Experimental Food Allergy in IL-

10-Deficient Mice. J  Immunol. 2016;196(12):4865---76,

http://dx.doi.org/10.4049/jimmunol.1600066.

[23].Mucida D. Oral tolerance in the absence of naturally

occurring Tregs. J  Clin Invest. 2005;115(7):1923---33,

http://dx.doi.org/10.1172/JCI24487.

[24].Hadis U,  Wahl B, Schulz O, et  al. Intestinal tolerance

requires gut homing and expansion of FoxP3+ regulatory T

cells in the lamina propria. Immunity. 2011;34(2):237---46,

http://dx.doi.org/10.1016/j.immuni.2011.01.016.

[25].Torgerson TR, Linane A, Moes N, et  al. Severe

food allergy as a variant of  IPEX syndrome caused

by a deletion in a noncoding region of the FOXP3

gene. Gastroenterology. 2007;132(5):1705---17,

http://dx.doi.org/10.1053/j.gastro.2007.02.044.

[26].Bennett CL, Christie J, Ramsdell F, et al. The immune

dysregulation, polyendocrinopathy, enteropathy, X-linked syn-

drome (IPEX) is  caused by mutations of  FOXP3. Nat Genet.

2001;27(1):20---1, http://dx.doi.org/10.1038/83713.

[27].Tsuda M, Torgerson TR, Selmi C, et al. The spectrum of

autoantibodies in IPEX syndrome is broad and includes anti-

mitochondrial autoantibodies. J Autoimmun. 2010;35(3):265---8,

http://dx.doi.org/10.1016/j.jaut.2010.06.017.

[28].Grimbacher B, Warnatz K, Yong PFK, Korganow A-S, Peter

H-H. The crossroads of autoimmunity and immunode-

ficiency: Lessons from polygenic traits and monogenic

defects. J  Allergy Clin Immunol. 2016;137(1):3---17,

http://dx.doi.org/10.1016/j.jaci.2015.11.004.

[29].Alroqi FJ, Charbonnier L-M, Keles S, et  al.

DOCK8 Deficiency Presenting as an IPEX-Like

Disorder. J Clin Immunol. 2017;37(8):811---9,

http://dx.doi.org/10.1007/s10875-017-0451-1.

[30].Lexmond WS, Goettel JA, Lyons JJ, et al. FOXP3+ Tregs require

WASP to restrain Th2-mediated food allergy. J Clin Invest.

2016;126(10):4030---44, http://dx.doi.org/10.1172/JCI85129.

dx.doi.org/10.1016/j.canlet.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/15972681
http://www.ncbi.nlm.nih.gov/pubmed/18292493
http://www.ncbi.nlm.nih.gov/pubmed/10861064
http://www.ncbi.nlm.nih.gov/pubmed/10861064
dx.doi.org/10.1016/j.jaci.2012.09.025
http://www.ncbi.nlm.nih.gov/pubmed/2531194
dx.doi.org/10.1038/nri2097
http://www.ncbi.nlm.nih.gov/pubmed/7540068
dx.doi.org/10.3389/fimmu.2017.00487
http://www.ncbi.nlm.nih.gov/pubmed/22428854
dx.doi.org/10.1038/sj.gene.6363920
dx.doi.org/10.1111/j.1600-0722.2011.00917.x
dx.doi.org/10.1016/j.pcl.2015.07.004
dx.doi.org/10.1007/s12016-018-8680-5
dx.doi.org/10.1007/s12016-018-8680-5
dx.doi.org/10.1111/cea.12202
dx.doi.org/10.1111/j.1365-2222.2010.03639.x
dx.doi.org/10.1007/s12026-012-8308-4
dx.doi.org/10.1007/s12026-012-8308-4
dx.doi.org/10.1016/j.it.2008.09.002
dx.doi.org/10.1016/j.it.2008.09.002
dx.doi.org/10.3945/jn.109.116061
dx.doi.org/10.1111/j.1398-9995.2011.02742.x
dx.doi.org/10.4049/jimmunol.1600066
dx.doi.org/10.1172/JCI24487
dx.doi.org/10.1016/j.immuni.2011.01.016
dx.doi.org/10.1053/j.gastro.2007.02.044
dx.doi.org/10.1038/83713
dx.doi.org/10.1016/j.jaut.2010.06.017
dx.doi.org/10.1016/j.jaci.2015.11.004
dx.doi.org/10.1007/s10875-017-0451-1
dx.doi.org/10.1172/JCI85129


Interleukin  10: the critical  role  of  a  pleiotropic  cytokine  in food  allergy  407

[31].Correa-Rocha R, Pérez A, Lorente R, et  al. Preterm

neonates show marked leukopenia and lymphopenia

that are associated with increased regulatory T-cell val-

ues and diminished IL-7. Pediatr Res. 2012;71(5):590---7,

http://dx.doi.org/10.1038/pr.2012.6.

[32].Bernaldo de Quiros E, Seoane-Reula E, Alonso-Lebrero

E, Pion M, Correa-Rocha R. The role of regulatory T

cells in the acquisition of  tolerance to food allergens in

children. Allergol Immunopathol (Madr). 2018;46(6):612---8,

http://dx.doi.org/10.1016/j.aller.2018.02.002.

[33].Kerperien J,  Veening-Griffioen D, Wehkamp T,  et  al. IL-10

Receptor or TGF-� Neutralization Abrogates the Protective

Effect of  a Specific Nondigestible Oligosaccharide Mix-

ture in Cow-Milk-Allergic Mice. J Nutr. 2018;148(8):1372---9,

http://dx.doi.org/10.1093/jn/nxy104.

[34].Mabrouk RR, Amer HA, Soliman DA, et  al.  Vitamin

D Increases Percentages of Interleukin-10 Secret-

ing Regulatory T  Cells in Children with Cow’s

Milk Allergy. Egypt J  Immunol. 2019;26(1):15---29

http://www.ncbi.nlm.nih.gov/pubmed/31332993. Accessed

September 10, 2019.

[35].Levings MK, Gregori S,  Tresoldi E, Cazzaniga S,

Bonini C, Roncarolo MG. Differentiation of  Tr1 cells

by immature dendritic cells requires IL-10 but not

CD25+CD4+ Tr cells. Blood. 2005;105(3):1162---9,

http://dx.doi.org/10.1182/blood-2004-03-1211.

[36].Han X, Wang S, Fan Y, et al. Chlamydia infection

induces ICOS ligand-expressing and IL-10-producing

dendritic cells that can inhibit airway inflammation

and mucus overproduction elicited by allergen chal-

lenge in  BALB/c mice. J  Immunol. 2006;176(9):5232---9

http://www.ncbi.nlm.nih.gov/pubmed/16621988. Accessed

December 4, 2018.

[37].Groux H, Bigler M, de Vries JE, Roncarolo MG. Interleukin-

10 induces a long-term antigen-specific anergic state

in human CD4+ T cells. J Exp Med. 1996;184(1):19---29

http://www.ncbi.nlm.nih.gov/pubmed/8691133. Accessed

December 4, 2018.

[38].Le T, Tversky J,  Chichester KL, et al. Interferons modulate

Fc epsilon RI-dependent production of autoregula-

tory IL-10 by circulating human monocytoid dendritic

cells. J  Allergy Clin Immunol. 2009;123(1):217---23,

http://dx.doi.org/10.1016/j.jaci.2008.09.013.

[39].Frischmeyer-Guerrerio PA,  Keet CA, Guerrerio AL,

et  al. Modulation of  dendritic cell innate and

adaptive immune functions by oral and sublingual

immunotherapy. Clin Immunol. 2014;155(1):47---59,

http://dx.doi.org/10.1016/j.clim.2014.08.006.

[40].Enk AH, Angeloni VL, Udey MC, Katz SI. Inhibition of  Langerhans

cell antigen-presenting function by IL-10. A role for IL-10

in induction of tolerance. J  Immunol. 1993;151(5):2390---8

http://www.ncbi.nlm.nih.gov/pubmed/8103065. Accessed

December 4, 2018.

[41].Punnonen J,  de Waal  Malefyt R, van Vlasselaer P, Gauchat

JF, de Vries JE. IL-10 and viral  IL-10 prevent IL-4-

induced IgE synthesis by inhibiting the accessory cell

function of monocytes. J Immunol. 1993;151(3):1280---9

http://www.ncbi.nlm.nih.gov/pubmed/8393044. Accessed

December 4, 2018.

[42].Tsuji NM, Mizumachi K, Kurisaki J.  Interleukin-10-secreting

Peyer’s patch cells are responsible for active suppression in

low-dose oral tolerance. Immunology. 2001;103(4):458---64

http://www.ncbi.nlm.nih.gov/pubmed/11529936. Accessed

April 2, 2019.

[43].Battaglia M, Gianfrani C, Gregori S,  Roncarolo M-G.

IL-10-producing T regulatory type 1 cells and oral

tolerance. Ann N  Y Acad Sci. 2004;1029(1):142---53,

http://dx.doi.org/10.1196/annals.1309.031.

[44].Laouini D,  Alenius H, Bryce P, Oettgen H, Tsitsikov E, Geha

RS. IL-10 is critical for Th2 responses in a murine model

of allergic dermatitis. J  Clin Invest. 2003;112(7):1058---66,

http://dx.doi.org/10.1172/JCI18246.

[45].Mishima Y, Oka A, Liu B, et al. Microbiota maintain

colonic homeostasis by activating TLR2/MyD88/PI3K signal-

ing in IL-10-producing regulatory B cells. J  Clin Invest.

2019;130(9):3702---16, http://dx.doi.org/10.1172/JCI93820.

[46].Cheng RY, Yao JR, Wan Q, et  al. Oral administration of

Bifidobacterium bifidum TMC3115 to neonatal mice may alle-

viate IgE-mediated allergic risk in adulthood. Benef Microbes.

2018;9(5):815---28, http://dx.doi.org/10.3920/BM2018.0005.

[47].Akdis M, Akdis CA. Mechanisms of allergen-specific immunother-

apy: multiple suppressor factors at work in immune tolerance

to allergens. J  Allergy Clin Immunol. 2014;133(3):621---31,

http://dx.doi.org/10.1016/j.jaci.2013.12.1088.

[48].Hawrylowicz CM. Regulatory T cells and IL-10 in aller-

gic inflammation. J  Exp Med. 2005;202(11):1459---63,

http://dx.doi.org/10.1084/jem.20052211.

[49].Broide DH. Immunologic and inflammatory mecha-

nisms that drive asthma progression to remodeling.

J  Allergy Clin Immunol. 2008;121(3):560---70,

http://dx.doi.org/10.1016/j.jaci.2008.01.031, quiz 571-572.

[50].Kennedy Norton S, Barnstein B, Brenzovich J,  et  al. IL-10

suppresses mast cell IgE receptor expression and signal-

ing in vitro and in vivo. J Immunol. 2008;180(5):2848---54

http://www.ncbi.nlm.nih.gov/pubmed/18292506. Accessed

December 4, 2018.

[51].Gillespie SR, DeMartino RR, Zhu  J,  et  al. IL-

10 inhibits Fc  epsilon RI expression in mouse

mast cells. J Immunol. 2004;172(5):3181---8

http://www.ncbi.nlm.nih.gov/pubmed/14978125. Accessed

December 4, 2018.

[52].Mirmonsef P, Shelburne CP, Fitzhugh Yeatman C, Chong

HJ, Ryan JJ.  Inhibition of  Kit expression by IL-4 and

IL-10 in murine mast cells: role of STAT6 and phos-

phatidylinositol 3’-kinase. J  Immunol. 1999;163(5):2530---9

http://www.ncbi.nlm.nih.gov/pubmed/10452990. Accessed

December 4, 2018.

[53].Arock M,  Zuany-Amorim C, Singer M, Benhamou M, Pre-

tolani M. Interleukin-10 inhibits cytokine generation

from mast cells. Eur J  Immunol. 1996;26(1):166---70,

http://dx.doi.org/10.1002/eji.1830260126.

[54].Li J, Maggadottir SM, Hakonarson H. Are genetic

tests informative in predicting food allergy? Curr

Opin Allergy Clin Immunol. 2016;16(3):257---64,

http://dx.doi.org/10.1097/ACI.0000000000000268.

[55].Suaini NHA, Wang Y, Soriano VX,  et al. Genetic determinants

of paediatric food allergy: A systematic review. Allergy. 2019,

http://dx.doi.org/10.1111/all.13767, all.13767.

[56].Yilmaz V, Yentür SP, Saruhan-Direskeneli G. IL-

12 and IL-10 polymorphisms and their effects on

cytokine production. Cytokine. 2005;30(4):188---94,

http://dx.doi.org/10.1016/j.cyto.2005.01.006.

[57].Turner DM, Williams DM, Sankaran D, Lazarus

M, Sinnott PJ, Hutchinson IV. An investiga-

tion of  polymorphism in the interleukin-10 gene

promoter. Eur J Immunogenet. 1997;24(1):1---8

http://www.ncbi.nlm.nih.gov/pubmed/9043871. Accessed

December 6, 2018.

[58].Negoro T,  Orihara K, Irahara T, et  al. Influ-

ence of SNPs in cytokine-related genes on the

severity of food allergy and atopic eczema in chil-

dren. Pediatr Allergy Immunol. 2006;17(8):583---90,

http://dx.doi.org/10.1111/j.1399-3038.2006.00463.x.

[59].Campos Alberto EJ, Shimojo N,  Suzuki Y, et  al. IL-10

gene polymorphism, but not TGF-beta1 gene polymor-

phisms, is associated with food allergy in  a Japanese

dx.doi.org/10.1038/pr.2012.6
dx.doi.org/10.1016/j.aller.2018.02.002
dx.doi.org/10.1093/jn/nxy104
http://www.ncbi.nlm.nih.gov/pubmed/31332993
dx.doi.org/10.1182/blood-2004-03-1211
http://www.ncbi.nlm.nih.gov/pubmed/16621988
http://www.ncbi.nlm.nih.gov/pubmed/8691133
dx.doi.org/10.1016/j.jaci.2008.09.013
dx.doi.org/10.1016/j.clim.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/8103065
http://www.ncbi.nlm.nih.gov/pubmed/8393044
http://www.ncbi.nlm.nih.gov/pubmed/11529936
dx.doi.org/10.1196/annals.1309.031
dx.doi.org/10.1172/JCI18246
dx.doi.org/10.1172/JCI93820
dx.doi.org/10.3920/BM2018.0005
dx.doi.org/10.1016/j.jaci.2013.12.1088
dx.doi.org/10.1084/jem.20052211
dx.doi.org/10.1016/j.jaci.2008.01.031
http://www.ncbi.nlm.nih.gov/pubmed/18292506
http://www.ncbi.nlm.nih.gov/pubmed/14978125
http://www.ncbi.nlm.nih.gov/pubmed/10452990
dx.doi.org/10.1002/eji.1830260126
dx.doi.org/10.1097/ACI.0000000000000268
dx.doi.org/10.1111/all.13767
dx.doi.org/10.1016/j.cyto.2005.01.006
http://www.ncbi.nlm.nih.gov/pubmed/9043871
dx.doi.org/10.1111/j.1399-3038.2006.00463.x


408  N.  Nedelkopoulou  et  al.

population. Pediatr Allergy Immunol. 2008;19(8):716---21,

http://dx.doi.org/10.1111/j.1399-3038.2007.00709.x.

[60].Brown P, Nair B, Mahajan SD, et  al. Single nucleotide

polymorphisms (SNPs) in key cytokines may modu-

late  food allergy phenotypes. Eur food Res Technol =

Zeitschrift fur Leb und -Forschung A. 2012;235(5):971---80,

http://dx.doi.org/10.1007/s00217-012-1827-3.

[61].Jacob CMA, Pastorino AC, Okay TS, et  al. Interleukin

10 (IL10) and transforming growth factor �1  (TGF�1)

gene polymorphisms in persistent IgE-mediated cow’s

milk allergy. Clinics (Sao Paulo). 2013;68(7):1004---9,

http://dx.doi.org/10.6061/clinics/2013(07)19.

[62].Weidinger S, Gieger C, Rodriguez E, et  al. Genome-Wide Scan

on Total Serum IgE Levels Identifies FCER1A as Novel Suscepti-

bility Locus. Cheung VG, ed. PLoS Genet. 2008;4(8):e1000166,

http://dx.doi.org/10.1371/journal.pgen.1000166.

[63].Hong X, Wang X. Early life precursors, epige-

netics, and the development of food allergy.

Semin Immunopathol. 2012;34(5):655---69,

http://dx.doi.org/10.1007/s00281-012-0323-y.

[64].Hong X,  Hao K,  Ladd-Acosta C, et al.  Genome-wide association

study identifies peanut allergy-specific loci  and evidence of epi-

genetic mediation in US children. Nat Commun. 2015;6(1):6304,

http://dx.doi.org/10.1038/ncomms7304.

[65].Scott-Taylor TH, Hourihane JB, Harper J,  Strobel

S. Patterns of  food allergen-specific cytokine pro-

duction by T lymphocytes of children with multiple

allergies. Clin Exp Allergy. 2005;35(11):1473---80,

http://dx.doi.org/10.1111/j.1365-2222.2005.02355.x.

[66].Chen T-K, Lee J-H, Yu H-H, et  al. Association between human

IL-10 gene polymorphisms and serum IL-10 level in patients

with food allergy. J Formos Med Assoc. 2012;111(12):686---92,

http://dx.doi.org/10.1016/j.jfma.2011.11.027.

[67].Tiemessen MM, Van Ieperen-Van Dijk AG, f  m Bruijnzeel-

Koomen CA, Garssen J, Knol EF, Van Hoffen E. Cow’s

milk-specific T-cell reactivity of children with and

without persistent cow’s milk allergy: key role for

IL-10. J Allergy Clin Immunol. 2004;113(5):932---9,

http://dx.doi.org/10.1016/j.jaci.2003.12.016.

[68].Sommanus S, Kerddonfak S,  Kamchaisatian W, et al.

Cow’s milk protein allergy: immunological response

in children with cow’s milk protein tolerance.

Asian Pacific J  Allergy Immunol. 2013;32(2):171---7,

http://dx.doi.org/10.12932/AP0319.32.2.2013.

[69].Alonso R, Pineda F, Enrique E, Tella R,  Cisteró-

Bahíma A. Usefulness of  serum interleukin-10 in

determining food tolerance. Allergy. 2007;62(6):710---1,

http://dx.doi.org/10.1111/j.1398-9995.2007.01333.x.

[70].Akdis CA, Akdis M. Mechanisms of allergen-specific immunother-

apy and immune tolerance to allergens. World Allergy Organ J.

2015;8(1):17, http://dx.doi.org/10.1186/s40413-015-0063-2.

[71].Salmivesi S, Paassilta M,  Huhtala H, Nieminen R, Moila-

nen E, Korppi M. Changes in biomarkers during a

six-month oral immunotherapy intervention for cow’s

milk allergy. Acta Paediatr. 2016;105(11):1349---54,

http://dx.doi.org/10.1111/apa.13550.

[72].Wood R. Oral Immunotherapy for Food Allergy. J

Investig Allergol Clin Immunol. 2017;27(3):151---9,

http://dx.doi.org/10.18176/jiaci.0143.

[73].Rajakulendran M, Tham EH, Soh JY, Van Bever

HP. Novel strategies in immunotherapy for aller-

gic diseases. Asia Pac Allergy. 2018;8(2):e14,

http://dx.doi.org/10.5415/apallergy.2018.8.e14.

[74].Zubeldia JM, Ferrer M, Dávila I,  Justicia JL. Adjuvants in

allergen-specific immunotherapy: modulating and enhancing

the  immune response. J Investig Allergol Clin Immunol.

2018;29(2):0, http://dx.doi.org/10.18176/jiaci.0349.

[75].Saxena A, Khosraviani S, Noel S,  Mohan D, Don-

ner T, Hamad ARA. Interleukin-10 paradox: A potent

immunoregulatory cytokine that has  been difficult to

harness for immunotherapy. Cytokine. 2015;74(1):27---34,

http://dx.doi.org/10.1016/j.cyto.2014.10.031.

[76].Comi M, Amodio G,  Gregori S.  Interleukin-10-Producing DC-

10  Is a Unique Tool to Promote Tolerance Via Antigen-Specific

T Regulatory Type 1 Cells. Front Immunol. 2018;9:682,

http://dx.doi.org/10.3389/fimmu.2018.00682.

[77].Boks MA, Kager-Groenland JR, Haasjes MSP, Zwaginga

JJ. van Ham SM, ten Brinke A. IL-10-generated tolero-

genic dendritic cells are optimal for functional regulatory

T cell induction–a comparative study of human clinical-

applicable DC. Clin Immunol. 2012;142(3):332---42,

http://dx.doi.org/10.1016/j.clim.2011.11.011.

[78].Naranjo-Gómez M, Raïch-Regué D, Oñate C, et  al.
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