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SUMMARY: Wheat is the staple cereal in many countr ies and i ts uses in manufactured foods are ever growing due to the tech-

no log ica l  qua l i t ies  o f  g lu ten prote ins.  Transglu taminases (TG) are ub iqu i tous enzymes wi th  many funct ions.  They are ab le to

t ransform prote ins by deamidat ion and/or  t ransamidat ion.  Th is  las t  react ion can cross- l ink  prote ins together .  In test ina l  t issue

TG has been shown to  p lay an impor tant  ro le  in  two k inds of  immune react ions to  wheat :  ce l iac  d isease and wheat-dependent

exerc ise- induced anaphy lax is .  ln  addi t ion,  new epi topes have been suspected in  cases of  anaphy lax is to  wheat  iso la tes,  a  food

ingred ient  cons is t ing main ly  o f  deamidated g lu ten prote ins.  As a microb ia l  TG is  inc luded in  many food technolog ica l  pro-

cesses,  i ts  safe  use should  be checked.  Th is  assessment  must  cover  not  on ly  the safety  o f  the TG i tse l f  but  a lso that  o f  the dea-

midated/cross- l inked prote ins generated by th is  enzyme.  Th is  ar t ic le  a ims at  d iscuss ing the poss ib le  consequences of  us ing

TG in  food indust ry  in  the l ight  o f  today knowledge about  immune react ions to  wheat .
Key-words: Transglutaminase - Food technology - Celiac disease - Wheat al lergy - Wheat isolates'

heat  i s  one o f  the  most  consumed cerea l  in
the  wor ld  (1  ) .  An  ever  g rowing  l i s t  o f  foods
contain wheat or wheat-der ived products.

A m o n g  w h e a t  c o m p o n e n t s ,  g l u t e n  i s  e s p e c i a l l y
va luab le  fo r  i t s  phys ico-chemica l  qua l i t ies .  In  add i t ion
to  g iv ing  bread i t s  charac ter is t i c  s t ruc tu re ,  g lu ten  is

used in many ways by food industry,  as such or as
t rans formed produc ts  (hydro lyzed,  deamidated ,  . . . ) .

W h e a t  i s  r e s p o n s i b l e  f o r  a  w i d e  v a r i e t y  o f  i m m u n o l o -
g i c a l  r e a c t i o n s  ( 2 ) .  I n h a l a t i o n  o f  w h e a t  f l o u r  c a n  l e a d
t o  b a k e r ' s  a s t h m a .  W h e a t  a l l e r g y  i s  r a t h e r  c o m m o n  i n
in fan ts  and ch i ld ren  ,  espec ia l l y  those su f fe r ing  f rom
atop ic  dermat i t i s .  Rare  bu t  ser ious  reac t ions  are  seen
in  cases  o f  wheat -dependent  exerc ise- induced ana-
p h y l a x i s  ( W D E I A ) .  I n  a d d i t i o n  t o  t h e s e  l g E - m e d i a t e d
reac t ions ,  wheat  i s  a lso  the  cause o f  ce l iac  d isease
( C D ) ,  a n  a u t o - i m m u n e  s t a t e  t r i g g e r e d  i n  s u s c e p t i b l e
i n d i v i d u a l s  b y  t h e  i n g e s t i o n  o f  g l u t e n - c o n t a i n i n g

foods .  Symptoms are  somet imes res t r i c ted  to  abdo-
m i n a l  c o m p l a i n t s ,  n o t  r e l a t e d  t o  C D  b u t  t o  w h e a t
a l l e r g y ,  e v e n  i n  a d u l t s .

Transg lu taminases  (TG)  are  ub iqu i tous  enzymes w i th
m a n y  p h y s i o l o g i c a l  a c t i o n s  ( 3 ) .  A  t i s s u e  t r a n s g l u t a m i -
nase ( tTG) ,  loca ted  in  in tes t ina l  mucosa,  has  been
recent ly  shown to  p lay  a  cent ra l  ro le  in  WDEIA and in

(1 )  Labora to i re  de  B ioch im ie  -  Cen t re  Hosp i ta l i e r  Chuber t  -  56000
Vannes  (F rance)  -  henr i .ma landa in@ch-b re tagne-a t lan t ique . f r

CD (4 ,  5 ) ,  T ransg lu taminases  are  ab le  to  t rans form
pro te in :  the  resu l t ing  deamidated  and/or  c ross- l inked
pro te ins  a re  key  components  in  these d iseases  (4 ,  6 ) '

F o o d  t e c h n o l o g i s t s  a r e  i n t e r e s t e d  i n  u s i n g  t h e  p r o -

p e r t i e s  o f  T G .  A  m i c r o b i a l  b r a n d  o f  T G  ( m T G )  i s

a l r e a d y  o n  t h e  m a r k e t p l a c e  f o r  s e v e r a l  p u r p o s e s  ( 7 ) '

F o r  e x a m p l e ,  m T g  c a n  s t i c k  s m a l l  p i e c e s  o f  m e a t  o r

o f  sea food in to  c lass ica l  serv ings ,  such as  s teaks  or

f  i l e ts .

To  cope w i th  consumers '  p ressure ,  regu la t ions  have

been in t roduced to  s t rengthen the  sa fe ty  assess-

ment  o f  new foods  and/or  new ingred ien ts .  A  mode l

of  th is assessment is the FAOAruHO protocol  desi-
gned to  check  the  sa fe ty  o f  genet ica l l y  eng ineered

food produc ts  (8 ) .  Th is  p ro toco l  was  recent ly  app l ied

to  a  commerc ia l  mTG (9) .  The au thors  o f  th is  work

c o n c l u d e d  t h a t  m T G  e n t a i l s  n o  p a r t i c u l a r  r i s k  t o

c o n s u m e r ' s  h e a l t h .

That mTG was i tsel f  safe does not infer that  th is enzY-

me is  w i thout  any  e f fec t  on  wheat  immunogen ic i ty .

One cou ld  suspec t  tha t  mTG,  once added to  food,

w o u l d  i n d u c e  n e w  d i g e s t i o n - s t a b l e  e p i t o p e s  b y

t rans forming the  pro te ins  conta ined in  the  processed

f o o d .  T h i s  p a p e r  a i m s  a t  d i s c u s s i n g  t h e  p o s s i b l e

consequences  o f  us ing  mTG in  food indus t ry  in  the

l igh t  o f  today  knowledge about  immune reac t ions  to

wheat  p ro te ins .
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WHEAT PROTETNS

Mi l l ing  separa tes  wheat  endosperm f rom o ther  com-
ponents  o f  wheat  g ra in  (embryo ,  b ran  and a leurone
layer ) .  Most  food uses  o f  wheat  a re  based on  the  f lour
ob ta ined f rom the  endosperm.  In  add i t ion  to  s ta rch ,
wheat  f lour  conta ins  a  w ide  ar ray  o f  p ro te ins  (10) :
s o l u b l e  a l b u m i n s / g l o b u l i n s  ( e n z y m e s ,  d e f e n c e  p r o -
te ins , . . . )  and seed s to rage pro te ins .  In  wheat ,  the  s to -
rage pro te ins  cor respond to  g lu ten  and are  made o f
pro lamins .  Pro lamins  d i f fe r  f rom s torage pro te ins
found in  d ico ty ledones by  many aspec ts ,  fo r  example
t h e i r  h i g h  c o n t e n t  i n  p r o l i n e  a n d  g l u t a m i n e  r e s i d u e s .
Pro lamins  are  a lso  respons ib le  fo r  some d is t inc t i ve
fea tures  o f  immune reac t ions  to  wheat .

P r o l a m i n s  a r e  h i g h l y  d i v e r s e .  T w o - d i m e n s i o n a l
immunob lo ts  revea l  no  less  than 50  d i f fe ren t  spo ts .  In
add i t ion  to  th is  d ivers i ty  severa l  fac to rs  exp la in  why
pub l ished da ta  about  lgE- reac t ive  pro te ins  in  wheat
are  o f ten  d isc repant :  a  w ide  range o f  mo lecu la r
we igh ts  (10-100 kDa)  depend ing  on  the  exper imenta l
cond i t ions  chosen (eg .  ana lys is  a f te r  cook ing  or  no t ,
rup ture  o f  d isu l f ide  bonds upon reduc t ion ,  . .1 ,  a  d iver -
s i ty  resu l t ing  f rom pat ien ts '  ind iv idua l  sens i t i za t ions
(al lergy wi th/wi thout exercise,  ef fect  of  age, mode of
contact) ,  etc.

Pro lamins  be long to  a  super fami ly  o f  p ro te ins  der i -
v ing  f rom a  common ances tor  (11) :  some o f  these
proteins kept a character ist ic cysteine-r ich mot i f ,
wh i le  o ther  p ro te ins  acqu i red  a  p ro l ine ig lu tamine- r ich
d o m a i n  ( F i g u r e  1 ) .

Figure 1: Schematic view of some types of proteins belon-
g ing to  the pro lamin super fami ly .
Non - repe t i t i ve  doma ins  f o rm  the  bas i s  o f  t he  supe r fam i l y  ( i n
whi te) .  Repet i t ive  domains conta in  repeated b locks o f  amino
ac ids .  These  doma ins  a re  cha rac te r i s t i c  o f  p ro lam ins  (g l i a -
d i ns ,  g l u ten ins ,  aven ins ,  ze ins ,  . . ) .  Some  homo logy  i s  p re -
sent  between g l iad ins,  but  repet i t ive  domains o f  HMW glu-
t en ins ,  aven ins  and  ze ins  a re  a l l  d i f f e ren t .
(LTP = l ipid transfer proteins, ATI = amylase/trypsin inhibitors).
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This last  domain gives gluten i ts v isco-elast ic i ty,  a
valuable feature for  numerous wheat-based food pro-
ducts.  More or less ident ical  sequences of  amino-acids
are found along this domain.  These repeated mot i fs
exp la in  p ro te in  ex tens ib i l i t y  ( t ) .  Among wheat  p ro la -
míns ,  HMW g lu ten ins  are  cent ra l  to  th is  p roper ty :  the i r
repet i t ive domain is very long and their  f ree cysteines
in the nonrepet i t ive parts of  the molecule can act  as a
a n c h o r  f o r  b i n d i n g  o t h e r  p r o l a m i n s  d u r i n g  d o u g h
process ing .

Repeated  sequences  o f  amíno-ac ids ,  a l though no t
s t r i c t l y  iden t ica l ,  share  enough homology  to  g ive  r i se
to cross-react iv i ty between wheat and simi lar  pro-
teins in bar ley or rye f lours.  Cross-react iv i ty also
occurs between the non-repet i t ive domains of  prola-
mins .  Omega g l iad ins  a re  espec ia l l y  poor  in  non-
repet i t i ve  domains  and r i ch  in  p ro l ine  (up  to  70%1.
Th is  fea ture  seems re la ted  to  the i r  par t i cu la r  immu-
nogen ic i ty .

Some repeated sequences are immunodominant:  in
cel iac disease, for  example,  a POPOxPx mot i f  shows
strong af f in i ty for  HLA-DO2 molecules (P = prol ine,  O =
g lu tamine,  x  =  vdr ious  amino-ac ids)  (12) .

Wheat proteins are diversely sensi t ive to digest ive
enzymes:  whereas  so lub le  a lbumins /g lobu l ins  a re
qu ick ly  b roken down upon gas t r i c  d iges t ion ,  g lu ten
proteins do not disappear before being at tacked by
pancreat ic  enzymes (13) .  Some par ts  o f  p ro lamin
molecules are even completely resistant to digest ion.
For  example ,  an  und iges ted  33-mer  pept ide  p lays  an
impor tan t  par t  in  the  immunogen ic i ty  o f  g lu ten  in
c e l i a c  d i s e a s e  ( 1 4 ) .

Such a  res is tance is  exp la ined by  an  unusua l  con ten t
in  p ro l ine  res idues .

Data obtained with wheat extracts do not reproduce
the condi t ions of  a real  d igest ive process :  some more
stabi l i ty  to digest ion ís expected when the same pro-
te ins  a re  mixed in  a  complex  mat r ix  l i ke  a  mea l  (15) .
Fur thermore ,  p ro lamins  are  thermal ly  s tab le  and
cooking favours the format ion of  aggregates and/or
adducts  (eg .  Ma i l la rd  p roduc ts ) .  And these mod i f ied
pro te ins  a re  less  d iges t ib le  (16) .

PROTEIIUS Iil OTHER GEREALS

Pro lamins  in  o ther  Tr i t i ceae,  such as  bar ley  and rye ,
a r e  v e r y  s i m i l a r  t o  w h e a t  p r o l a m i n s  ( 1 ) .  I n  r i c e  a n d  i n
oats ,  most  s to rage pro te ins  cons is t  o f  11S-g lobu l ins
ins tead o f  p ro lamins .  Fur thermore ,  oa ts  p ro lamins
(avenins) have a twice lower prol ine content.  And



r epea ted  mo t i f s  a re  absen t  i n  r i ce  p ro lam ins .  Co rn ,
m i l l e t  and  so rghum a re  a l so  d i f f e ren t .  I n  co rn ,  ma in
s to rage  p ro te ins  cons i s t  o f  a l pha -ze ins ,  whose  s t ruc -
t u re  do  no t  r esemb le  c l ass i c  p ro lam ins .

TRRIUSGLUTAMIIUASES

Transg l  u tam i  nases ,  o r  p ro te i  n -g  I  u ta  m i  ne  gamma-g I  u -
tamy l  t rans ferases  (EC 2 .3 .2 .13) ,  a re  ra ther  ub iqu i tous
enzymes (3 ) .  They  have been descr ibed in  most  l i v ing
s p e c i e s .  I n  v e r t e b r a t e s ,  t i s s u e  t r a n s g l u t a m i n a s e s
(tTG) are found in many di f ferent locat ions:  intest ines,
musc les ,  cen t ra l  nervous  sys tem. . .

Transg lu taminases  (TG) take  par t  in  many phys io log i -
cal  processes such as hemostasis ( factor Xl l la) ,  kerat i -
nocy te  matura t ion ,  TGF-beta  Ac t iva t ion . . .  These
enzymes are also involved in case of  stress,  cel l
damage,  in f lammat ion ,  o r  apoptos is .

TG enzymatic act iv i ty on proteins leads to two di f fe-
rent k ind of  products:
.  f i rst ly,  TG can convert  a glutamine residue into a

g lu tamic  ac id .  Th is  deamidat ion  tends  to  enhance
the  water  so lub i l i t y  o f  the  pro te in .  A  par t i cu la r
sequence o f  amino ac ids  a round the  g lu tamine is
mandatory.

.  í f  su i tab le  amino groups  are  ava i lab le  in  the  reac-
t ion environment,  TG performs a second enzymatic
s tep :  i t  cons is ts  in  l ink ing  an  amíno group to  a  newly
obta ined g lu tamic  ac id .  Such amino groups  can be
s m a l l  m o l e c u l e s  ( e g .  h i s t a m i n e ,  c a d a v e r i n e , . . . )  a s
we l l  as  eps i lon-amines  o f  l ys ine  res idues  in  p ro-
te ins .  Th is  reac t ion  o f  t ransamidat ion  can thus
cross- l ink  two pro te ins ,  and eventua l l y  lead  to  a
complex matr ix of  proteins bound together.  The iso-
pept ide  bond resu l t ing  f rom th is  t ransamidat ion
reac t ion  is  h igh ly  s tab le  and res is ts  to  most  p ro-
teases  thus  l im i t ing  any  comple te  d iges t ion  o f
cross- l  i  n ked protei  ns.

When subs t ra tes  su i tab le  fo r  c ross- l ink ing  are  poor ly
ava i lab le ,  TG end-produc ts  a re  main ly  deamidated
pro te ins .  For  example ,  g l iad ins  a re  qu i te  de f ic ien t  in
lys ine  and TG has  been used to  p repare  deamidated
so lub le  p ro te ins  f rom g lu ten  (eg .  wheat  i so la tes) .

Food indus t ry  i s  in te res ted  in  TG as  a  techn ica l  a id .  A
microb ia l  TG (mTG)  is  cur ren t ly  marke ted  to  th is  end
(7 l ' .  Th is  mTG is  ob ta ined f rom St rp tover t i c i l l i um
mobaraense.  And a  b io -eng ineered TG is  in  the  p ipe-
l ine  (17) .  Subs t ra tes  fo r  mTG are  ra ther  d iverse :  soy-
bean g lyc in ins ,  g lu ten ,  whey pro te ins ,  case ins ,  egg
p r o t e i n s  ( e g .  o v o m u c i n  . . . ) ,  m u s c l e  p r o t e i n s  ( a c t i n ,
m y o s i n . . . ) .
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End-products  o f  mTG-dr iven react ions are more or
l ess  s imp le ,  depend ing  on  va r i ab les  such  as  t he  p re -
sence or  not  o f  a  heat ing s tep (TG enzymat ic  act iv i ty
is  dest royed at  70 'C or  h igher) ,  and the t ime e lapsed
be fo re  t h i s  hea t i ng  i s  app l i ed  t o  t he  f ood .  When  TG i s
used to  s t ick  food i tems together  or  to  t ight ly  ho ld
some components  in to  a  food,  cross- l inked prote ins
are expected to  resu l t  f rom such a process.

Mod i f i ca t i ons  o f  p ro te i ns  i n  t he  f i na l  f ood  w i l l  t hus
va ry  w i t h  t he  i ng red ien t s  and  t he  rec ipe ,  bu t  mos t
p robab l y  w i l l  f avou r  t he  f o rma t i on  o f  new  p ro te in
spec ies and somet imes of  new potent ia l  ep i topes.

I n  add i t i on  t o  app l i ca t i ons  i n  cosme t i c  and  t ex t i l e
i ndus t r i es  and  as  a  b i oma te r i a l  c ross - l i nke r  ( 18 ) ,  a
s tead i l y  g row ing  number  o f  t echn i ca l  uses  o f  mTG i s
obse rved  i n  f ood  i ndus t r y  (19 ) .  Fo r  examp le ,  mTg  i s
cu r ren t l y  used  i n  o rde r  t o :
'  enhance  f i rmness  by  imp rov ing  p ro te in  ne two rk  :

eg .  b read ,  pas ta ,  nood le ,  t o fu ,  su r im i . . .  ( 20 ] r ;
.  improve texture and/or  she l f l i fe  by ho ld ing water  in

the food product  :  eg.  sausages,  tor t i l las ,  low fa t
c h e e s e . . . ;

.  i nco rpo ra te  i ng red ien t s  t o  imp rove  senso ry  qua l i -
t i es  (eg .  baked  goods ,  f r u i t  concen t ra tes . . . l  ( 21 ) ,  o r
to  recyc le  o therwise wasted products  (eg.  whey pro-
t e i ns  en t rapped  i n to  cheese l  l 22 l ;

'  p ro tect  pro te ins towards heat ing- induced
effects (23);

'  p roduce  ed ib l e  f i lms  o r  coa t i ngs  (eg .  f r om
case ins ,  deamida ted  g lu ten l  ( 241 ;

.  s t ab i l i ze  ge l i f i ed  o r  emu ls i f i ed  goods  :  eg .
dress ings,  ice cream; (25) ;

negat ive

soybean,

yog h u rt,

.  restructure second-hand pieces of  meat,  f ish or
shel l f ish into larger and/or more at t ract ive i tems (26):
s teaks ,  ham,  f i sh  f i le ts ,  b igger  sca l lops ,  shr imps. . .

A l together ,  a  max imum da i ly  in take  o f  mTg cou ld
range up  to  15  mg.  Dos ing  fo r  res t ruc tu r ing  is  about
50-100 mg mTG for each kg of  t reated food.

TIUIMUIUE REAGTTOIUS TO WHEAT
PROTEINS f2l

Inha la t ion  o f  cerea l  f lour  can lead to  baker 's  as thma.
I n  t h i s  o c c u p a t i o n a l  d i s e a s e ,  a l l e r g e n s  a r e  m a i n l y
water  so lub le  p ro te ins  :  amy lase / t ryps in  inh ib i to rs
(AT l ) ,  severa l  enzymes found in  the  f lour  i t se l f  (per -
ox idase,  t r iose-P isomerase,  . . )  and/or  in  bak ing
add i t i ves  (amy lases ,  xy lanases  ,  . . ) .  A  weak lgE- reac-
t i v i t y  can  be  a lso  found towards  pro lamins  (13) ,  a
resu l t  wh ich  cou ld  come f rom some cross- reac t iv i t y
be tween ATI  and non- repet i t i ve  domains  o f  g l iad ins .
Most  pa t ien ts  w i th  baker 's  as thma can ea t  the  cerea l



to  wh ich  they  reac t  a t  work .  C lear ly ,  sens i t i za t ion  to
f lour  th rough the  in tes t ina l  t rac t  i s  a  separa te  en t i t y ,
th is  be ing  a t  leas t  par t l y  due to  the  mod i f i ca t ions
tha t  cook ing  and d iges t ion  induce to  the  s t ruc tu re  o f
p ro te ins .

React ions  to  wheat  as  a  food encompass  a  w ide
ar ray  o f  c l in ica l  s i tua t ions .  These reac t ions  can
shor t l y  fo l low the  inges t ion  o f  the  food,  a  phenome-
n o n  f a v o u r i n g  a n  l g E - m e d i a t e d  m e c h a n i s m ,  o r  c a n
be expressed a f te r  a  lag  t ime or  th rough a  chron ic
d isease.  D iagnos ing  cerea l  hypersens i t i v i t y  i s  thus
o f t e n  c h a l l e n g i n g .

Study ing  wh ich  pro te ins  a re  invo lved in  these d i f fe -
ren t  d iseases  is  even more  d i f f i cu l t  because,  in  add i -
t ion  to  c l in ica l  d ivers i ty ,  cerea l  p ro te ins  a re  complex
mix tu res  and because cerea ls  a re  cooked in  nume-
rous di f ferent ways.

No character ist ic pattern of  lgE-react iv i ty is observed
in food al lergy to wheat (13, 27-29).  In i ts c lassical
express ion ,  wheat  a l le rgy  is  ma in ly  respons ib le  fo r
c u t a n e o u s  s y m p t o m s :  e g .  a t o p i c  d e r m a t i t i s  i n
in fan ts /ch i ld ren ,  u r t i car ia  in  adu l ts .  Most  ch i ld ren  u l t i -
mate ly  ou tgrow the i r  wheat  a l le rgy .  Sens i t i za t ion  to
a l b u m i n s / g l o b u l i n s  i s  f r e q u e n t l y  f o u n d  i n  c h i l d r e n
and tends  to  fade ou t  in  adu l thood.  And reac t iv i t y  to
the repeated mot i fs of  prolamins fo l lows an opposi te
evo lu t ion  (30) .

When pat ien ts  a l le rg ic  to  wheat  a re  g rouped,  some
t rend can be  deduced regard ing  the  spec t rum o f  lgE-
reac t ive  pro lamins  :  sub jec ts  reac t  more  f requent ly  to
a l p h a / b e t a - g l i a d i n s  a n d  t o  L M W  g l u t e n i n s  ( a r o u n d
60%) than to  gamma-g l iad ins  (45%l  o r  to  HMW g lu te -
nins (25%). A relat ion between a sensi t izat ion to epi-
t o p e s  l y i n g  i n  r e p e t i t i v e  d o m a i n s  a n d  t h e
chronic i ty/sever i ty of  a l lergy to wheat has been assu-
med on the grounds of  the uneven react iv i ty to
omega-g l iad ins :  ch i ld ren  w i th  a top ic  dermat i t i s  a re
less of ten sensi t ized to these gl iadins than adul ts reac-
t ing  to  the  combina t ion  o f  wheat  and exerc ise  (30) .

In  a  s izab le  p ropor t ion  o f  pa t ien ts  w i th  food a l le rgy  to
wheat ,  symptoms are  l im i ted  to  the  gas t ro - in tes t ina l
t rac t .  These loca l  reac t ions  migh t  resu l t  f rom und i -
ges ted ,  unabsorbed h igh  molecu la r  aggregates  as
those favoured by  cook ing  (16) .  In  add i t ion ,  non- lgE-
dependent  mechan isms are  suspec ted  in  some 20-
30% cases of  hypersensi t iv i ty to wheat.

The impor tance o f  omega-S g l iad in ,  a lso  known as  Tr i
a  19  in  lU lS  nomenc la tu re  (31) ,  has  been s t ressed by
Pa losuo 's  team (4) .  Th is  par t i cu la r  k ind  o f  g l iad in ,
wh ich  inc ludes  a  la rge  repet i t i ve  domain  (see F ig .  1 ) ,

is  a major t r igger for  the react ions seen in wheat-
dependent exercise-induced anaphylaxis (WDEIA).
Wheat is the most f requent culpr i t  in reports of  food-
dependent  exerc ise- induced anaphy lax is .  Ma jor  ep i -
topes in omega-5 gl iadin fo l low a character ist ic pat-
te rn  o f  g lu tamines  and pro l ines  (OOxPxOO) (30 ,  32) .
Because WDEIA pat ients do not react to wheat in the
absence of  exercise,  some addi t ional  factors must
complete the s i lent  sensi t izat ion of  these pat ients so
as  to  induce a  reac t ion  as  severe  as  anaphy lax is  i s .
Exerc ise  i t se l f  cou ld  enhance the  t rans fer  o f  und iges-
ted proteins/pept ides through the intest inal  epi the-
l ium (33) .  Ad juvants  such as  asp i r in  o r  e thano l  seem
capable of  ampl i fy ing the ef fects of  exercise (34, 35).
But  s t renuous exerc ise  is  known to  s t imu la te  some
stress-related mechanisms, for  example an increased
secret ion of  intest inal  tTG (36).  Furthermore, tTG
cross- l inks  pept ides  der iv ing  f rom omega-S g l iad ins
and the resul t ing aggregates show strong lgE-react i -
v i ty in WDEIA pat ients (37).

Modif icat ions to wheat proteins are also suspected in
anaphylaxis to wheat isolates (38):  some of  the
pat ients react ing to these isolates are also al lergic to
plain wheat but other ones react only to wheat iso-
lates.  This lends support  to the format ion of  new epi-
topes  dur ing  the  manufac tur ing  o f  wheat  i so la tes .
Such new epi topes could resul t  f rom new protein
conformat ions  adopted  by  deamidated  pro lamins .

A s imi la r  mechan ism is  to  be  expec ted  w i th  i so la tes
obta ined f rom o ther  ingred ien ts  (eg .  soybean) .

F i n a l l y ,  t h e  c e n t r a l  r o l e  o f  T G  i n  s o m e  r e a c t i o n s  t o
wheat  i s  demonst ra ted  by  the  recent  da ta  recorded
about  the  molecu la r  mechan isms invo lved in  ce l iac
d isease (39) .  Th is  non- lgE-dependent  au to- immune
d isease a f f l i c ts  a  subs tan t ia l  par t  o f  popu la t ion  as  i t s
inc idence is  es t imated  o f  0 .2 -1 .0% in  Europe (40 ,  41) .
Even i f  i t  necess i ta tes  a lso  a  genet ic  p red ispos i t ion
(HLA-DO2,  somet imes HLA-DO8) ,  the  mod i f iac t ion
of  wheat  p ro lamins  by  in tes t ina l  TG appears  manda-
to ry  to  lead to  a  c l in ica l  reac t ion  (42) .  Auto-an t ibo-
d ies  show an espec ia l l y  h igh  a f f in i t y  fo r  deamidated
p e p t i d e s  ( 4 3 ) .  A s  t h e  t T G  e n z y m a t i c  r e a c t i o n
i n c l u d e s  a  s t e p  d u r i n g  w h i c h  a  c o v a l e n t  b o n d  i s  c r e a -
ted  be tween tTG and i t s  subs t ra te  (eg .  a  g l iad in ) ,
some auto-an t ibod ies  are  a lso  d i rec ted  towards  tTG.
And these an t i - tTG ant ibod ies  are  acknowledged as
speci f ic  markers of  CD.

Whatever  the  in i t ia l  event  in  g lu ten- induced mucosa l
damage in CD, tTG is overexpressed in act ive disease
(44) and tTG seems able to polar ize T cel ls towards a
Th1 response by  scaveng ing  loca l  h is tamine in to  p ro-
lamin-h is tamine c ross- l inks  (45) .
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The cent ra l  ro le  o f  tTG in  ce l iac  d isease is  demonst ra ted

by the extreme rari ty of reactions to oats in aff l icted
pat ients  (5 ,  46) .  Indeed,  oats  pro lamins d i f fer  f rom pro-

lamins in  wheat  and other  re la ted spec ies (spe l t ,  kamut)

as wel l  as  in  o ther  Tr i t iceae cerea ls  (bar ley  and rye)  in

that  the i r  repeated sequences of  amino ac ids are poor

subst ra tes for  tTG (47) .  S imi lar ly ,  the safety  o f  r ice  and

corn in  CD seems re la ted to  the absence of  deamidated
pept ides ab le  to  b ind to  HLA-DO2 or  -DO8 molecu les.

TRAil SG LUTAIUI I IIIAS ES
AIUD FOOID SAFEW

Owing to  the  impor tance o f  tTG in  CD (and maybe in
WDEIA)  and o f  deamidated  repet i t i ve  domains  o f  p ro-
lamins  in  CD and in  anaphy lax is  to  wheat  i so la tes ,  the

use o f  t ransg lu taminases ,  such as  mTG,  in  manufac-
tu red  foods  mer i ts  to  be  c lose ly  s tud ied  (48) .

As  shown in  F ig .  2 ,  deamidat ion  and c ross- l ink ing  o f
p ro lamins  are  suspec ted  to  induce d i f fe ren t  immune
reac t ions  in  suscept ib le  ind iv idua ls .  And add ing  these
m o l e c u l a r  m o d i f i c a t i o n s  d u r i n g  t h e  t e c h n o l o g i c a l
s teps  o f  food manufac tur ing  cou ld  resu l t  in to  some
unwanted heal th ef fects.

Such an  ou tcome has  been over looked by  s tud ies
deal ing wi th the assessment of  mTG safety (9).  The
FAOAI/HO protocol  is  centred onto the molecule sus-
cept ib le  to  en ter  the  food cha in  bu t  does  no t  address
the  ques t ion  o f  po ten t ia l  e f fec ts  th is  mo lecu le  cou ld
have on the foods (8).  Ef for ts should aim at  develo-
ping methods to study mTG end-products in food-
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; Figure 2: Transglutaminases and immune reactions to wheat.
;  The f igure shows how modif icat ions of wheat proteins by transglutaminases (TG) can induce and/or favour some reac-
: t ions to wheat f lour and/or to wheat-derived products.

Microb ia l  TG (mTG) as wel l  as  in test ina l  t issue TG ( tTG) can conver t  some g lu tamine res idues in to  g lu tamic  ac ids.  Th is
deamidation step can be fol lowed by a transamidation step which is the cross-l inking of the deamidated protein/peptide
with a nother protein/peptide.
Digestion of gluten is not ful ly complete: some parts of the repeti t ive domains can resist due to their prol ine content, even
to brush border  enzymes (eg.  33-mer  pept ide) .
l f  und igested pept ides cross the ep i the l ia l  layer ,  they can reach immuno-competent  ce l ls  and induce an immune react ion.

'  In  c lass ica l  wheat  a l lergy,  ant ibod ies are d i rected towards a wide ar ray o f  wheat  prote ins,  inc lud ing other  prote ins than
l  g lu ten (not  shown) .  In  ce l iac  d isease and in  wheat -dependent  exerc ise- induced anaphy lax is  (WDEIA) ,  tTG is  act ivated and
r  g ives r ise to  modi f ied pept ides which are espec ia l ly  potent  immunogens.

In  anaphy lax is  to  wheat  iso la tes,  new epi topes appear  dur ing the manufactur ing process:  these modi f ied prote ins are thus
a l ready in  the food before eat ing i t .  Depending on the ava i lab i l i ty  o f  o ther  subst ra tes,  c ross- l inked prote ins can a lso be
formed.  The isopept ide bond generated by th is  cross- l ink ing cannot  be sp l i t  by  d igest ion:  one can thus assume that  some
undigest ib le  g lu ten pept ides cross- l inked to  o ther  undigested pept ides could  behave as new a l lergens.  To what  extent
these cross- l inked spec ies are present  in  the d ie t  is  la rge ly  unknown.  As wel l  as  whether  these mTG modi f ied prote ins
could  have any s ign i f icant  impact  on the inc idence of  immune react ions to  wheat .
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stuf fs.  Al though other TG-treated ingredients such as
soybean or  mi lk  p ro te ins  cou ld  mer i t  a  s imi la r  sc ru t i -
ny,  wheat is especial ly important to study because
th is  cerea l  i s  the  bas is  o f  a  cons iderab le  number  o f
di f ferent uses in manufactured foods. In many cases,
the presence of  wheat-der ived products is hardly
detectable by consumers as exampl i f ied by the recal ls
of  marketed i tems (49) or by accidents due to hidden
components  (50) .
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