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patients.  Conclusions:  Our findings suggest that nitration 
enhances allergic responses, which may contribute to an in-
creased prevalence of allergic diseases in polluted urban en-
vironments.  Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 Immune responses can be affected by air pollutants 
including combustion-generated particles, semi-volatile 
hydrocarbons and exhaust gases  [1–4] . The components 
of photochemical smog, NO 2  and O 3 , induce inflamma-
tory airway responses, enhance immediate- as well as 
late-phase responses to allergens, and reduce resistance 
against infections  [1, 4, 5] . Recently, it has been demon-
strated that NO 2  and O 3  in polluted urban air are also 
capable of modifying airborne proteins  [6] . Under urban 
smog conditions, in situ nitration of tyrosine residues of 
various proteins, including the major birch pollen aller-
gen Bet v 1a, were observed. Moreover, nitrated proteins 
were detected in dust samples from various urban envi-
ronments  [6] . In vitro, the rate of protein nitration was 
dependent on the abundance of both nitrogen oxides and 
ozone in air mixtures  [6] . 

  Post-translational modifications, including glycosyl-
ation, phosphorylation and cysteinylation, can affect the 
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 Abstract 
  Background:  Recent investigations have shown that pro-
teins, including Bet v 1a, are nitrated by exposure to polluted 
urban air. We have investigated immunogenic and allergen-
ic properties of in vitro nitrated allergens in in vivo models. 
 Methods:  Untreated and nitrated samples of ovalbumin or 
Bet v 1a were compared for their ability to stimulate prolif-
eration and cytokine secretion in splenocytes from DO11.10 
or from sensitized BALB/c mice, and for their ability to induce 
specific immunoglobulin (Ig)G1, IgG2a and IgE in sensitized 
mice. Additionally, sera from birch pollen-allergic individu-
als were analysed for IgE and IgG specific for nitrated Bet v 
1a.  Results:  Upon splenocyte stimulation with nitrated as 
compared with unmodified allergens, proliferation as well 
as interleukin 5 and interferon- �  production were enhanced. 
Sera of mice sensitized with nitrated allergens showed ele-
vated levels of specific IgE, IgG1 and IgG2a, compared with 
sera from mice sensitized with unmodified allergens. More-
over, cross-reactivity of antibodies against unrelated, nitrat-
ed allergens was observed in mice. We also found higher 
amounts of functional, specific IgE against nitrated than 
against untreated Bet v 1a in sera from birch pollen-allergic 
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immunogenicity of proteins and might play a role in the 
development of autoimmune responses  [7] . In addition, 
single amino acid residue changes in allergens may alter 
their allergenicity as illustrated by point mutations in Bet 
v 1a which dramatically affected immunoglobulin (Ig)E 
binding  [8, 9] . Nitration of tyrosine residues may alter 
immunogenicity and allergenicity of proteins in a similar 
fashion. Nitration of proteins occurs naturally during in-
flammation, oxidative stress and ageing, and may opti-
mize immune responses  [10] . Nitration of self-antigens 
may also be detrimental by promoting the development 
of autoimmune reactions. Autologous antigens contain-
ing 3-nitrotyrosine residues are able to evade immuno-
logical self-tolerance  [11] , and nitration of autologous IgG 
induces formation of cross-reactive antibodies against 
single-stranded DNA  [12] .

  The consequences of ex vivo nitration of allergens 
have so far not been investigated. The recent finding that 
proteins, including allergens, are nitrated by ambient ur-
ban air  [6] , has received broad interest  [13] , in particular 
because it was speculated that nitration may enhance the 
allergenicity of proteins and in this way might contribute 
to an increased prevalence of allergic diseases due to traf-
fic-related air pollution  [6, 13] . In this study, we com-
pared the in vivo immunogenicity of in vitro nitrated and 
unmodified samples of the food allergen ovalbumin 
(Ova) and the birch pollen allergen Bet v 1a. 

  Material and Methods 

 Nitration of Allergens 
 Ova (Sigma, Steinheim, Germany) and recombinant Bet v 1a 

(Biomay, Vienna, Austria) were nitrated in PBS by reaction with 
tetranitromethane dissolved in methanol (Merck, Darmstadt, 
Germany), and the nitrated proteins were purified by size exclu-
sion chromatography (PD-10 columns, Pharmacia, Uppsala, Swe-
den). The amounts of 3-nitrotyrosine residues in the protein sam-
ples were determined by spectrophotometry at 428 nm, after dilu-
tion in 0.05  M  NaOH. The spectrophotometer was calibrated with 
free 3-nitrotyrosine. The average number of 3-nitrotyrosine resi-
dues per protein molecule was calculated by division of the total 
of 3-nitrotyrosines through the molar protein content of the sam-
ple. Details and validation of these methods have been published 
elsewhere  [6, 14–16] . Mock-nitrated samples of allergen were pre-
pared by the same procedure but without adding tetranitrometh-
ane.

  Mouse Models 
 Female BALB/c mice, 6–8 weeks old, were from Charles River 

Laboratories (Sulzfeld, Germany). Transgenic DO11.10 mice  [17]  
were from in-house breeding stocks. All mice were housed and 
treated at the animal care facility of the University of Salzburg in 
agreement with local guidelines for animal care and experiments. 

BALB/c mice were sensitized at days 1 and 11, by intraperitoneal 
injection of 5  � g antigen adsorbed to 100  � l Al(OH) 3  in a total 
volume of 200  � l sterile PBS. Mock sensitization was carried out 
by injecting 100  � l Al(OH) 3  in a total volume of 200  � l sterile PBS. 
Sera were obtained at days 0 and 42. At the end of the experiments, 
mice were sacrificed by cervical dislocation and spleens were tak-
en for further examination.

  Detection of Specific Murine Serum IgE, IgG1 and IgG2a 
 Sera were analysed for specific antibody titers as previously 

described  [18] , with minor modifications. Briefly, functional an-
tigen-specific IgE was determined by the rat basophil leukaemia 
(RBL) mediator release assay. RBL-2H3 cells (ACC 312) were ob-
tained from DSMZ GmbH (Braunschweig, Germany) and sub-
jected to diluted sera of sensitized animals (1:   30 and 1:   100 for sera 
from Bet v 1a and Ova sensitization experiments, respectively). 
Mediator release in the presence of 0.3  � g/ml antigen was per-
formed subsequently, and values for mediator release in the pres-
ence of antigen-specific IgE were normalized to values obtained 
for cells treated with 1% Triton X-100, equalling maximum me-
diator release (100%). For IgG1 and IgG2a determinations, sera 
were diluted 1:   1,000 and 1:   100, respectively, and the assays were 
developed using the horseradish peroxidase substrate kit (Biorad, 
Calif., USA) and 3,3 � ,5,5 � -tetramethylbenzidine liquid substrate 
supersensitive for ELISA (Sigma), respectively, according to the 
manufacturers’ protocols. Light absorption at 405 and 450 nm 
was quantified using an optical density microplate reader (Spec-
trafluor, Tecan, Grödig, Austria). 

  Murine Spleen Cell Proliferation 
 Proliferation assays with spleen cells from either naïve, 8-week 

to 1-year-old DO11.10 and BALB/c mice, or sensitized mice sac-
rificed at day 56, were essentially carried out as described  [18] . 
Four replicate wells with spleen cell preparations were stimulated 
with 20  � g/ml antigen for 3 days. Medium alone and 0.25  � g/ml 
of the immunostimulatory lectin concanavalin A (Con A, Sigma) 
served as negative and positive controls, respectively. Prolifera-
tion levels were normalized to values obtained for cells cultured 
in the absence of antigen (= 1).

  Cytokine ELISAs 
 Quantities of interferon (IFN)- �  and interleukin (IL)-5 in pro-

liferating spleen cell culture supernatants were determined using 
sandwich BD OptEIA mouse cytokine ELISA sets (BD Biosci-
ences Pharmingen, San Diego, Calif., USA) according to the man-
ufacturers’ protocols. Sensitivity limits were 31.3 and 15.6 pg/ml, 
respectively.

  Detection of Specific Human Serum IgE, Competition Assay 
 Sera from patients suffering from birch pollen allergy were 

obtained with informed consent through the Allergy Ambulance 
of   the  Salzburger Landeskliniken (SALK)  (Salzburg,  Austria).  

Sera  were  tested  positive  for  Bet v 1a-specific IgE binding, radio-
allergosorbent test (RAST) 4. Multiwell plates were coated over-
night with 4  � g/ml recombinant Bet v 1a or Nitro-(3.4)-Bet in PBS 
(pH 7.4). Wells were washed with TBS and blocked for 2 h with 
TBS/0.05% Tween-20 at room temperature. Sera were diluted 1:   50 
in blocking buffer and pre-incubated  for 2 h at room temperature 
in multiwell plates with Bet v 1a at a dilution series from 10 to 
0.1  � g/ml. Pre-incubated sera were transferred to blocked wells 
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and incubated overnight at 4   °   C. Binding of IgE was detected us-
ing a monoclonal anti-human IgE antibody conjugated with al-
kaline phosphatase (BD Bioscience Pharmingen) in a dilution of 
1:   3,000 in TBS. Wells were washed with TBS, and bound IgE was 
determined with 10 m M  PNPP (4-nitrophenyl phosphate disodi-
um salt hexahydrate; Fluka, Austria) in substrate buffer (10 m M  
diethanolamin, 1 m M  MgCl 2 , 100 mg NaN 3 , pH 9.8). Light ab-
sorption at 405 and 495 nm was quantified using an optical den-
sity microplate reader.

  Basophil Leukaemia Cell Mediator Release with Human 
Bet v 1a-Specific IgE  
 RBL-2H3 (RBL-703/21) transfected with cDNA coding for the 

human high-affinity IgE receptor chain  [19]  cells were plated in 
96-well tissue culture plates (1  !  10 5 /well). Passive sensitization 
was performed by incubating cells with human sera containing 
Bet v 1a-reactive IgE at a final dilution of 1:   100 overnight at 37   °   C 
and 7% CO 2 . Unbound antibodies were removed by washing the 
cell layer 3 times in Tyrode’s buffer (137 m M  NaCl, 2.7 m M  KCl, 
0.5 m M  MgCl 2 , 1.8 m M  CaCl 2 , 0.4 m M  NaH 2 PO 4 , 5.6 m M   D -glu-
cose, 12 m M  NaHCO 3 , 10 m M  HEPES and 0.1% w/v BSA, pH 7.2). 
RBL cell mediator release was induced by cross-linking the recep-
tor-bound Bet v 1a-specific IgE with 0.3  � g/ml Bet v 1a or Nitro-
(3.4)-Bet, respectively. The release of  � -hexosaminidase from ac-
tivated RBL cells was measured as described  [20] .

  Detection of Cross-Reactive Antibodies 
 Sera from patients suffering from mugwort, grass, cat, dog or 

house dust mite allergy were obtained with informed consent 
through the Allergy Ambulance of the SALK (Salzburg, Austria). 
Sera were tested positive for specific IgE binding (RAST 2.7–5). 
Multiwell plates were coated overnight with 4  � g/ml recombinant 
Bet v 1a or Nitro-(3.4)-Bet in PBS (pH 7.4). Wells were washed 
with TBS and blocked with TBS/0.05% Tween-20 for 2 h at room 
temperature. Sera were diluted 1:   50 in blocking buffer and incu-
bated overnight at 4   °   C. Binding of IgE was detected using a 
monoclonal anti-human IgE antibody conjugated with alkaline 
phosphatase (BD Bioscience Pharmingen) in a dilution of 1:   3,000 
in TBS. Wells were washed with TBS and bound IgE was deter-
mined with 10 m M  PNPP (Fluka, Austria) in substrate buffer 
(10 m M  diethanolamin, 1 m M  MgCl 2 , 100 mg NaN 3 , pH 9.8). Light 
absorption at 405 and 495 nm was quantified using an optical 
density microplate reader.

  Detection of Specific Human Serum IgG1 and IgG4 
 Sera from patients suffering from birch pollen allergy were 

obtained with informed consent through the Allergy Ambulance 
of the SALK (Salzburg, Austria). Multiwell plates were coated 
overnight with 4  � g/ml recombinant Bet v 1a or Nitro-(3.4)-Bet 
in PBS (pH 7.4). Wells were washed with TBS and blocked for 2 h 
with TBS/0.05% Tween-20 at room temperature. Sera were di-
luted 1:   50 in blocking buffer and incubated overnight at 4   °   C. 
Binding of IgG1 and IgG4 was detected using monoclonal anti-
human IgG1 and IgG4 antibodies conjugated with alkaline phos-
phatase (Southern Biotech, UK) in a dilution of 1:   1,000 in TBS. 
Wells were washed with TBS, and bound IgG1 and IgG4 was de-
termined with 10 m M  PNPP (Fluka, Austria) in substrate buffer 
(10 m M  diethanolamin, 1 m M  MgCl 2 , 100 mg NaN 3 , pH 9.8). Light 
absorption at 405 and 495 nm was quantified using an optical 
density microplate reader.

  Statistical Analyses 
 Proliferation assays, cytokine determinations, ELISAs of hu-

man serum antibodies and RBL tests were performed at least 
three times, and representative experiments are illustrated in  fig-
ures 1–7  discussed below. Data are shown as arithmetic means. 
Error bars indicate standard errors of the arithmetic mean. When 
appropriate, significance between experimental groups was cal-
culated by the Mann-Whitney rank sum test or Student’s t   test. 
Significant differences are represented by p values  ! 0.05.

  Results 

 Nitrated Ova Enhances Proliferation of DO11.10 
Mice-Derived Splenocytes 
 The immunogenic potential of nitrated allergens was 

first evaluated in vitro by comparing proliferation-induc-
ing capacities of nitrated and unmodified Ova. Spleen 
cells from DO11.10 BALB/c mice which carry a trans-
genic T cell receptor specific for a major histocompatibil-
ity complex class II restricted peptide sequence from Ova 
 [17]  were stimulated either with unmodified Ova, mock-
nitrated Ova or nitrated Ova samples. Ova was used at 
two different levels of nitration, with an average of 3.5 or 
4.6 nitrotyrosine residues per protein molecule, Nitro-
(3.5)-Ova and Nitro-(4.6)-Ova, respectively. As negative 
controls, DO11.10 cells were cultured in the absence of 
allergen, or in the presence of either recombinant Bet v 1a 
or nitrated Bet v 1a which contained an average of 3.4 ni-
trotyrosine residues per protein molecule, Nitro-(3.4)-
Bet.

  As expected, all Ova samples stimulated the prolifera-
tion of DO11.10 cells ( fig. 1 a). Mock-nitrated Ova induced 
a similar level of proliferation as unmodified Ova. On 
average, both nitrated Ova samples induced a more than 
3-fold higher normalized proliferation than unmodified 
or mock-nitrated Ova ( fig. 1 a). Bet v 1a and Nitro-(3.4)-
Bet did not stimulate proliferation of DO11.10 cells 
( fig. 1 a), indicating that the enhanced proliferation trig-
gered by nitrated Ova samples was allergen specific. In 
addition, spleen cells derived from naïve BALB/c mice 
did not proliferate in response to any of the antigens used 
(data not shown). In these and all other experiments us-
ing Ova, Nitro-(3.5)-Ova consistently gave comparable 
results with Nitro-(4.6)-Ova, and mock-nitrated samples 
consistently gave similar results as allergen samples which 
were not nitrated. For reasons of clarity, these data are 
omitted in subsequent figures. Compared with the con-
trol, the levels of IL-5 and IFN- �  tended to be higher in 
cell culture supernatants of DO11.10 splenocytes stimu-
lated with either Con A, Ova or Nitro-(4.6)-Ova. On av-



 Gruijthuijsen    et al.
 

Int Arch Allergy Immunol 2006;141:265–275268

erage, concentrations of both IL-5 (not statistically sig-
nificant) and IFN- �  were higher when cells had been 
stimulated with nitrated instead of unmodified allergen 
( fig. 1 b, c). Taken together, these data indicate that ni-
trated Ova is superior to Ova as a stimulus for DO11.10 
cells. 

  Nitrated Ova Induces a Stronger Response in BALB/c 
Mice than Unmodified Ova 
 To compare the allergenicity of nitrated and unmodi-

fied Ova   in vivo, BALB/c mice were sensitized by intra-
peritoneal injection of the investigated proteins. Spleen 
cells from mice sensitized with Ova proliferated much 
stronger in the presence of antigen than those from mock-
sensitized animals, but no significant differences in cell 
proliferation were found between stimulation with Ova 
or Nitro-(4.6)-Ova ( fig. 2 a). However, cells from mice 
sensitized with Nitro-(4.6)-Ova showed significantly 
higher mean and maximum values of antigen-induced 
proliferation than those from Ova-sensitized mice, and 
the highest proliferation was observed upon stimulation 
of cells from Nitro-(4.6)-Ova-sensitized mice ( fig. 2 a). 
Moreover, antigen stimulation of spleen cells from mice 
sensitized with Nitro-(4.6)-Ova resulted in a significant 
production of the T helper cell 2 associated cytokine IL-5, 
in contrast to cells derived from Ova-sensitized animals 
( fig. 2 b). The highest concentrations of IL-5 were ob-
served in supernatants of Nitro-(4.6)-Ova-stimulated 
cells ( fig. 2 b). Production of the T helper cell 1 associated 
cytokine IFN- �  was generally low in this model, and no 
significant differences were found between Ova and Ni-
tro-(4.6)-Ova for this parameter ( fig. 2 c). As expected, no 
splenocyte proliferation or cytokine production was de-
tected upon stimulation of cells with either Bet v 1a or 
Nitro-(3.4)-Bet (data not shown). 

  In sera of Ova- and Nitro-(4.6)-Ova-sensitized mice, 
functional IgE recognizing both Ova forms was present 
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   Fig. 1.   Nitro-(4.6)-Ova stimulation of DO11.10 splenocytes. An-
tigen-specific proliferation of DO11.10 splenocytes ( a ), and IL-5 
( b ) and IFN- �  ( c ) in corresponding culture supernatants. Sym-
bols represent arithmetic means of four replicates of a single ani-
mal. Bars indicate arithmetic group means.  *  p  !  0.05. 
   Fig. 2.   Enhanced immunogenicity of Nitro-(4.6)-Ova. Antigen-
specific proliferation of splenocytes from sensitized mice ( a ), and 
IL-5 ( b ) and IFN- �  ( c ) in corresponding supernatants. Symbols 
represent means of four replicates of a single animal.  d–  f  Antigen-
specific IgE ( d ), IgG1 ( e ) and IgG2a ( f ) in sera of sensitized mice 
on days 0 (grey symbols) and 42 (black symbols). Bars indicate 
group means.  *  p  !  0.05. 1
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( fig. 2 d). Significantly, IgE of mice sensitized with Nitro-
(4.6)-Ova responded much more efficiently to the nitrat-
ed form ( fig. 2 d), indicating that higher amounts of Ni-
tro-(4.6)-Ova-specific IgE were present. Sera of sensi-
tized mice also contained antigen-specific IgG1 and 
IgG2a. Mean and maximum levels for both classes of an-
tibodies were significantly higher when mice were sensi-
tized with Nitro-(4.6)-Ova compared with the unmodi-
fied antigen ( fig. 2 e, f). Moreover, serum antibodies de-
rived from several mice sensitized with Nitro-(4.6)-Ova 
recognized Nitro-(3.4)-Bet as an antigen: 3 out of 6 mice 
had cross-reactive IgG1, 2 out of 6 mice had cross-reactive 

IgG2a, and 3 out of 6 mice had cross-reactive IgE ( table 1 ). 
Taken together, nitration made Ova more immuno-
genic.

  Nitrated Bet v 1a Induces a Stronger Response in 
BALB/c Mice than Bet v 1a 
 Ova is a food allergen which is not likely to be encoun-

tered in ambient urban air. Therefore, we evaluated the 
same immunological parameters as we did in the Ova 
model for BALB/c mice sensitized with Bet v 1a or its ni-
trated derivative Nitro-(3.4)-Bet. Splenocyte prolifera-
tion and IL-5 production of sensitized mice were higher 
in response to Nitro-(3.4)-Bet than to Bet v 1a ( fig. 3 a, b), 
without reaching significance. Interestingly though, sple-
nocytes from one particular Nitro-(3.4)-Bet-sensitized 
mouse produced high levels of IL-5 ( fig. 3 b). IFN- �  pro-
duction could not be detected for any of the antigen-stim-
ulated cells in this model ( fig. 3 c).

  Sera from allergen-sensitized mice contained elevated 
levels of antigen-specific IgE, IgG1 and IgG2a compared 
with those of mock-sensitized mice ( fig. 3 d–f). Signifi-

   Fig. 3.   Enhanced immunogenicity of Nitro-(3.4)-Bet. Antigen-
specific proliferation of splenocytes from sensitized mice ( a ), and 
IL-5 ( b ) and IFN- �  ( c ) in corresponding supernatants. Symbols 
represent means of four replicates of a single animal.  d–f  Antigen-
specific IgE ( d ), IgG1 ( e ) and IgG2a ( f ) in sera of sensitized mice 
on days 0 (grey symbols) and 42 (black symbols). Bars indicate 
group means.  *  p  !  0.05. 
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   Fig. 4.   IgE from 10 randomized birch pollen-allergic patients. Bars represent means of relative IgE binding to 
Bet v 1 a and  Nitro-(3.4)-Bet. Bet v 1a-specific epitopes were blocked with 10  � g/ml Bet v 1a (white bars), 1  � g/
ml Bet v 1a (light grey bars) and 0.1  � g/ml Bet v 1a (dark grey bars), or were not blocked at all (black bars). In 
the incubation experiments with Bet v 1a, inhibition was complete, resulting in signals equal to the baseline. 
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cantly, the highest levels of all three isotypes were ob-
served in Nitro-(3.4)-Bet-sensitized mice ( fig. 3 d–f). 
IgG1 and IgG2a in sera of Bet v 1a-sensitized animals 
bound equally well to Bet v 1a and Nitro-(3.4)-Bet ( fig. 3 e, 
f). IgE of these mice induced more efficient induction of 
basophil degranulation in the presence of Nitro-(3.4)-Bet 

compared with regular Bet v 1a, although this difference 
did not reach statistical significance ( fig. 3 d). Nitro-(3.4)-
Bet-sensitized mice presented a different picture: IgE, 
IgG1 and IgG2a bound unnitrated antigen similarly well 
as in Bet v 1a-sensitized mice, but very high binding to 
nitrated Bet v 1a was apparent ( fig. 3 d–f). In particular, 
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   Fig. 5.   RBL release assay. Ten randomized sera from birch pollen-
allergic patients were tested for their anaphylactic activity by 
measuring the release of  � -hexosaminidase. Cells were passively 
sensitized with sera diluted 1:   100, and mediator release was as-
sessed after cross-linking the human high-affinity IgE receptor 
chain with Bet v 1a ( d ) or Nitro-(3.4)-Bet ()). Data are represen-
tative of three independent experiments. Statistical significance 
was calculated by paired Student’s t test (p = 0.000027). 
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IgE in sera of these mice was highly specific for the ni-
trated Bet v 1a form, as it completely failed to induce ba-
sophil degranulation upon addition of the unmodified 
antigen for all mice ( fig. 3 d). Serum antibodies derived 
from several mice sensitized with Nitro-(3.4)-Bet recog-
nized Nitro-(4.6)-Ova as an antigen: 7 out of 7 animals 
contained cross-reactive IgG1, and 3 out of 7 animals had 
cross-reactive IgG2a. No cross-reactivity was detected for 
IgE ( table 1 ). Similar to the Ova model, nitration ren-
dered the allergen Bet v 1a more immunogenic   in vivo.

  IgE Specific for Nitrated Bet v 1a in Sera of Birch 
Pollen-Allergic Patients 
 Since Bet v 1a is clinically a highly relevant allergen, we 

investigated whether sera from birch pollen-allergic pa-
tients contained antibodies against nitrated Bet v 1a. Sera 
from 10 non-atopic healthy individuals and from 56 pa-
tients suffering from birch pollen allergy were analysed for 
the presence of Bet v 1a- and Nitro-(3.4)-Bet-binding IgE. 
Bet v 1a-specific IgE was absent in sera from healthy indi-
viduals (data not shown), but present in sera of all allergic 
individuals. Significantly higher amounts of Nitro-(3.4)-
Bet-binding IgE than regular Bet v 1a-binding IgE were 
found for almost all sera of allergic patients (52 out of 56 

sera). A competition assay with a representative number 
of sera is shown in  figure 4 . Human sera were preincu-
bated with Bet v 1a and then tested for binding to either 
Bet v 1a or Nitro-(3.4)-Bet. Binding to Bet v 1a was com-
pletely blocked, even by pre-incubation with the lowest 
dose of Bet v 1a used, 0.1  � g/ml. In contrast, binding to 
Nitro-(3.4)-Bet, which was inherently stronger than bind-
ing to the unmodified form, was reduced but not abolished 
in a concentration-dependent fashion. No IgE binding to 
Nitro-(4.6)-Ova was detected for any of the sera of these 
allergic patients (data not shown). These findings suggest 
that birch pollen-allergic patients may possess some IgE 
specifically recognizing nitrated epitopes of Bet v 1a. The 
IgE detected in the patient sera was functional, since Bet v 
1a and Nitro-(3.4)-Bet induced mediator release from 
RBL-2H3, stably transfected with the human high-affinity 
IgE receptor chain ( fig. 5 ). Among sera from 10 birch pol-
len-allergic patients, all showed higher degranulation 
upon stimulation with the nitrated form.

  The high level of binding by serum antibodies from 
birch pollen-allergic patients to Nitro-(3.4)-Bet was not 
in an unspecific way due to the high serum IgE levels 
found in these cases. Sera with high IgE levels from 6 pa-
tients allergic to a variety of allergens, but not Bet v 1a, 
did not show enhanced binding to Nitro-(3.4)-Bet 
( fig. 6 ).

  Sera from birch pollen-allergic patients were also test-
ed for binding of human IgG. Data for IgG1 and IgG4 are 
shown in  figure 7 . In contrast to IgE, there was no gen-
eral enhanced binding to the nitrated protein. Despite 
some enhanced (IgG1) or decreased (IgG4) binding to 
Nitro-(3.4)-Bet, the overall picture was clearly different 
to IgE (compare  fig. 4  and  7 ).

  Discussion 

 Various types of post-translational modifications have 
been shown to affect T cell immunoreactivity, including 
glycosylation, phosphorylation and cysteinylation  [7, 21–
23] . This study represents the first report on the immu-
nogenic potential of allergens modified to contain 3-ni-
trotyrosine. Nitration increased the allergenic potential 
both of Ova and Bet v 1a in murine allergy models. Ni-
trated Ova was a more potent T cell stimulus than native 
Ova and increased levels of antigen-specific IgG1 and 
IgG2a in sera of nitrated Ova-sensitized mice. Although 
IgE-inducing and -binding abilities of Ova did not change 
by nitration, other allergy-associated parameters (IL-5 
and IgG1) were upregulated. Nitration of Bet v 1a also 

Table 1. Number of sensitized mice exhibiting serum antibodies 
against Ova, Nitro-(4.6)-Ova, Bet v 1a and Nitro-(3.4)-Bet

Sensitization
antibody against

Ova Nitro-
(4.6)-Ova

Bet
v 1a

Nitro-
(3.4)-Bet

IgE
Ova 6/6 6/6 0/6 0/7
Nitro-(4.6)-Ova 6/6 6/6 0/6 0/7
Bet v 1a 0/6 0/6 3/6 1/7
Nitro-(3.4)-Bet 0/6 3/6 4/6 7/7

IgG1
Ova 5/6 6/6 0/6 0/7
Nitro-(4.6)-Ova 4/6 6/6 0/6 7/7
Bet v 1a 0/6 0/6 3/6 7/7
Nitro-(3.4)-Bet 0/6 3/6 3/6 7/7

IgG2a
Ova 6/6 6/6 0/6 0/7
Nitro-(4.6)-Ova 6/6 6/6 0/6 3/7
Bet v 1a 0/6 0/6 4/6 7/7
Nitro-(3.4)-Bet 0/6 2/6 4/6 7/7

Values are given as n+/n in which ‘n+’ represents the number 
of animals found positive for the presence of antibodies against 
the indicated antigen, and ‘n’ represents the total number of ani-
mals in the indicated sensitization group. Values for the presence 
of cross-reactive antibodies are indicated in bold type.
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enhanced allergenicity as serum levels of IgG1 and ana-
phylactic IgE increased dramatically upon sensitization. 
Like for Ova, nitration of Bet v 1a increased immunoge-
nicity in general, as shown by higher serum IgG2a in sen-
sitized animals. Both, in the case of nitrated Bet v 1a as 
well as nitrated Ova, these levels were still 10- to 100-fold 
lower than those of IgG1, which is in agreement with an 
allergic phenotype.

  Increased T cell immunoreactivity upon sensitization 
with nitrated Ova might be due to improved T-cell-depen-
dent antigen recognition of epitopes containing nitrotyro-
sine. Alternatively, nitration might facilitate uptake, pro-
cessing and presentation of Ova by antigen-presenting 
cells, and thus, enhance the efficiency of T cell stimula-
tion. The possibility that nitrotyrosine might function like 
a hapten has been suggested by Ohmori et al.  [12] , who 
recognized the structural similarity of nitrotyrosine with 
a well-known hapten, 4-hydroxy-3-nitrophenylacetyl.

  Neither enhanced nor reduced T cell reactivity was 
observed for nitrated Bet v 1a. Some of the known Bet v 
1a T cell epitopes contain tyrosine residues  [24–27] , but 
it is unknown if these tyrosines might become nitrated. 
Tyrosine nitration in proteins is selective, since some ty-
rosine residues are highly susceptible for nitration where-
as others cannot be nitrated at all  [10] . However, Bet v 1a 
is known as a very poor T cell antigen with high IgE-
binding activity and allergenicity  [28] . It might not be a 
suitable antigen to study effects of tyrosine nitration on 
T cell epitopes. In this respect, it might be useful to in-
clude Bet v 1d in further studies, as this Bet v 1 isoform 
combines strong T cell antigenicity with low/no IgE-
binding capacity  [28] .

  Nitration did not mask epitopes important for humor-
al immunity. Antibodies raised in mice sensitized with 
unmodified antigens were equally efficient in binding ni-
trated and unmodified forms of Ova and Bet v 1a. Since 
nitrated antigens resulted in enhanced humoral immu-
nity, nitration may even provide additional new epitopes. 
This hypothesis was strenghtened by the presence of 
cross-reactive antibodies for the nitrated form of the oth-
erwise unrelated proteins Ova and Bet v 1a. The most 
striking finding indicating new epitope formation 
through nitration were high titers of highly specific IgE 
in nitrated Bet v 1a-sensitized mice. This IgE bound ni-
trated Bet v 1a, but neither unmodified Bet v 1a nor ni-
trated Ova. The other antibody classes in most of these 
mice bound unmodified Bet v 1a, but with much lower 
affinity than the nitrated form, and surprisingly, they 
recognized nitrated Ova. Together, these findings sug-
gest that nitration of Bet v 1a generates new epitopes. This 

hypothesis was strengthened by the finding that pre-in-
cubation with unmodified Bet v 1a can reduce but not 
obliterate binding of human IgE to Nitro-(3.4)-Bet, which 
argues that the nitrated form contains at least some new 
epitopes not shared with the unmodified antigen. In 
principle, it is possible that nitration induces structural 
changes which expose new epitopes not containing nitro-
tyrosine somewhere else in the molecule, but we consider 
it unlikely that this happens both in Bet v 1a and in Ova. 
Further studies will aim at identifying the binding sites 
of antibodies raised against nitrated allergens.

  The presence of IgE preferentially binding to nitrated 
Bet v 1a in human sera suggests that these patients may 
have previously been exposed to the antigen in nitrated 
form. It is tempting to speculate that this previous expo-
sure might have been the result of inhalation of ex vivo 
nitrated birch pollen allergen. It will have to be investigat-
ed whether similar findings can be made for other air-
borne allergens, and whether an association with exposure 
to pollution can be established. An experiment with sera 
from 6 patients allergic to various other allergens did not 
uncover cross-reactive binding to Nitro-(3.4)-Bet, but this 
matter will have to be studied in more detail once nitration 
sites in allergens have been localized. A preferential asso-
ciation of nitration with the promotion of allergy may be 
suspected from the finding that IgG from Bet v 1a-allergic 
patients did not display the clear increase in binding to the 
nitrated form encountered with IgE. However, the present 
investigation cannot rule out that other branches of im-
munity may also be affected by nitration of antigens.

  In mouse models, nitrated allergens induce high 
amounts of anaphylactogenic IgE, increase allergenicity 
and induce cross-reactive antibodies. Since nitrated al-
lergens are present in urban environments  [6] , exposure 
to ex vivo nitrated allergens might seriously influence the 
onset and course of allergic disease in humans as well. 
This mechanism may promote allergies and might con-
tribute to adverse health effects of air pollution. 
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