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sensitization to Api g 1, the major allergen in
celery: evidence at the T cell level
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Due to IgE cross-reactivity, birch pollen-allergic individuals frequently develop type | hyper-
sensitivity reactions to celery tuber. We evaluated the T cell response to the major allergen in
celeriac, Api g 1, and the cellular cross-reactivity with its homologous major allergen in birch
pollen, Bet v 1. Api g 1-specific T cell lines (TCL) and clones (TCC) were established from
peripheral blood mononuclear cells of allergic patients. Epitope mapping of Apig 1 with
overlapping Api g 1-derived peptides revealed one dominant T cell-activating region,
Api g 1409-126- TCL and TCC generated with Api g 1 cross-reacted with the birch pollen aller-
gen and, although initially stimulated with the food allergen, cellular responses to Bet v 1
were stronger than to Api g 1. Epitope mapping with Bet v 1-derived peptides revealed that
T cells specific for several distinct epitopes distributed over the complete Bet v 1 molecule
could be activated by Api g 1. Bet v 1449_125 Was identified as the most important T cell epi-
tope for cross-reactivity with Api g 1. This epitope shares 72% amino acid sequence similar-
ity with the major T cell-activating region of the food allergen, Api g 1409_126. Our data provide
evidence that humoral as well as cellular reactivity to the major celery allergen is predomi-
nantly based on cross-reactivity with the major birch pollen allergen. The activation of
Bet v 1-specific Th2 cells by Api g 1, in particular outside the pollen season, may have con-

sequences for birch pollen-allergic individuals.
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1 Introduction

Birch pollen allergy is one of the main causes of allergic
rhinitis from spring to early summer in Central Europe [1,
2]. However, besides the symptoms induced by inhala-
tion of pollen allergens, up to 70% of birch pollen-allergic
individuals experience type | hypersensitivity reactions
when ingesting certain fruits and vegetables [3, 4]. In
most of these cases, clinical reactions appear immedi-
ately after contact with the raw food and are character-
ized by oral itching, angioedema and irritation of the oral
mucosa, summarized in the term “oral allergy syndrome”
[5]. Immunological cross-reactivity between specific IgE
Ab directed against allergens in birch pollen and the
homologous proteins in these “birch pollen-related
foods” was shown to cause this type of food allergy
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[6-12]. The major birch pollen allergen is recognized by
specific IgE Ab in more than 95% of patients allergic to
birch pollen [13]. This allergen belongs to the
pathogenesis-related protein family 10 and several
members of this protein family have been identified in
birch pollen-related food, e.g. Mal d 1 in apples, Cor a 1
in hazelnuts, Pyrc 1 in pears, Pruav 1 in cherries or
Dau c 1 in carrots [14]. Recently, an allergen homologous
to Bet v 1 was identified in soybean [15].

Celery tuber frequently induces food allergy in birch
pollen-allergic patients [16, 17]. The major allergen in
celeriac, Apig 1, is a Bet v 1-homologous protein [8,
18-21]. Other less frequently recognized proteins in cel-
ery tuber were demonstrated to share IgE epitopes with
allergens in birch pollen, i.e. proteins in the molecular
range of 46-60 kDa and Api g 4, celery profilin [19, 22,
23]. In addition, the existence of cross-reactive carbohy-
drate determinants was demonstrated [21, 24]. Apig 1
was cloned and expressed in recombinant form [25].
This molecule is 146 amino acids (aa) long and shares
41% aa sequence identity (61% similarity) with Bet v 1.
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Purified rApi g 1 was assessed for its applicability for in
vitro and in vivo diagnosis of celery allergy and revealed
accurate results in areas where birch trees are common
[26].

Based on clinical observations and experiments on the
IgE reactivity in vitro, a predominant role for Bet v 1 in the
sensitization against Api g 1 was suggested [25, 26]. To
further elucidate this theory we sought to characterize
the T cell response to the major allergen in celery and to
analyze the cellular cross-reactivity between Bet v 1 and
Apig 1 in detail. We stimulated T lymphocytes with
rApig 1 and established T cell lines (TCL) and T cell
clones (TCC). These cultures were analyzed for their
reactivity with the complete rBet v 1 molecule as well as
with synthetic Bet v 1-derived peptides in order to ana-
lyze cross-reactive T cell epitopes. In addition, Apig 1-
specific TCL were tested with Api g 1-derived peptides
to define relevant T cell epitopes of the food allergen.
Our results confirm the hypothesis that Bet v 1 initiates
the sensitization to Api g 1 at the humoral as well as the
cellular level.

2 Results

2.1 IgE inhibition determined by immunoblotting

The presence of IgE specific for rApig 1 and rBetv 1
was demonstrated by immunoblotting (Fig. 1). All
patients contained specific IgE against rApi g 1 (Fig. 1-I,
lane 0) and rBet v 1 (Fig. 1-Il, lane 0). Pretreatment of
sera with rApi g 1 reduced IgE binding to Api g 1 (Fig. 1-
I, lane A) but did not markedly influence the IgE reactivity
to Bet v 1 (Fig. 1-Il, lane A). In contrast, pre-incubation
with rBet v 1 blocked IgE binding to both, Apig 1 and
Bet v 1 (Fig. 1-1, Il, lane B). Thus, all relevant IgE epitopes
of Api g 1 are present in Bet v 1, but not vice versa. No
signal was observed with a normal human serum pool
(N; Fig. 1).

2.2 Proliferation assays

PBMC were stimulated with different concentrations of
rApig1 and rBetv 1, respectively (data not shown).
PBMC isolated from three nonallergic individuals did not
proliferate in response to either allergen (data not
shown). In allergic individuals stimulation of cells with
50 ug/ml of rApig 1 and 25 ug/ml of rBet v 1 revealed
strongest lymphoproliferative responses (Fig. 2). Stimu-
lation of PBMC with rApi g 1 induced significantly less
proliferation as with rBet v 1, although used at a higher
concentration (Fig. 2; p=0.001).
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Fig. 1. IgE immunoblot. IgE reactivity of 17 different individu-
als to rApig 1 (I, lane 0) and rBet v 1 (Il, lane Q) is shown.
Pre-incubation of sera with Api g 1 reduced IgE binding to
Apig1 (I, lane A) but not to Betv 1 (ll, lane A). Betv 1
blocked IgE binding to both allergens (I and Il, lane B). N =
serum pool of nonallergic individuals.

2.3 TCL generated with Apig 1 are Betv 1-
specific

Twelve TCL generated with rApi g 1 were tested for their
reactivity with rBet v 1 (Table 1). All Api g 1-specific TCL
responded to incubation with the major birch pollen aller-
gen. Overall, Api g 1-induced TCL showed significantly
higher proliferative responses to Bet v 1 than to Api g 1
(Table 1; p=0.005). TCL11 and TCL12 had lost lymphop-
roliferative reaction to the initial stimulus Api g 1 but still
responded to Bet v 1. These results indicate an enrich-
ment of birch pollen-specific T cells in TCL generated
with the celery allergen. Control TCL established without
allergen showed no proliferative responses to either
allergen (data not shown).

2.4 TCC generated with Api g 1 cross-react with
Betv 1

In total, 13 Api g 1-specific TCC from nine different
patients were established (Table 2). When testing each
TCC for proliferation in response to rBetv 1, 11/13 TCC
reacted with the birch pollen allergen (Table 2). Ten of the
11 cross-reactive TCC responded more vigorously to
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Fig. 2. Lymphoproliferation (Sl) of PBMC derived from
13 allergic patients in response to stimulation with rApi g 1
(50 pg/ml, o) and rBet v 1 (25 ug/ml, o). The horizontal lines
indicate the median value. Proliferative responses induced
by Api g 1 were significantly lower than Bet v 1-induced pro-
liferative responses (Wilcoxon Signed Ranks test, p=0.001).

Bet v 1 (Table 2). Only 2/13 TCC proliferated in response
to Api g 1 exclusively. According to their cytokine pattern
in response to stimulation with rApig 1, 7/13 TCC were
attributed to the Th2-like subset, 3/13 were Th1-like, and
3/13 produced similar levels of IL-4 and IFN-y and were
classified as ThO. All cross-reactive TCC synthesized the
same cytokine pattern when stimulated with rBet v 1 (not
shown).

2.5 Api g 1-specific T cell epitopes

To identify relevant T cell epitopes within the Api g 1 mol-
ecule, eight Api g 1-specific TCL were mapped using
48 overlapping dodecapeptides spanning the complete
aa sequence of the food allergen [25]. Epitope recogni-
tion patterns of the different individuals are shown in
Fig. 3. In total, seven distinct T cell epitopes of Apig 1
were identified. The peptides Api g 11_1, Api g 15530 and
Api g 1130-150 Were recognized by one individual each.
The epitope located at Api g 1g5.10s Was recognized by
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two individuals, peptides Apig 1102. and Api g 1151_13s
were present in three TCL. Five of eight patients har-
bored T cells specific for epitopes contained in
Api g 1100126, representing the major T cell-activating
region of the Api g 1 molecule. In Fig. 4 the aa sequence
of Api g 149126 iS underlined within the Api g 1 molecule.
Sequence alignment revealed that this dominant Api g 1-
activating region shares 60% sequence identity (73%
similarity) with the corresponding region of Bet v 1.

2.6 Cross-reactive Bet v 1-specific T cell
epitopes

To define the T cell epitopes within Bet v 1 involved in
the cross-reactivity, two TCL from the same patient were
established using either rApi g 1 (A-TCL) or rBetv 1 (B-
TCL) as initial stimulus. Subsequently, both TCL were
subjected to epitope mapping using 50 overlapping pep-
tides covering the complete sequence of Bet v 1 [27] and
compared (Fig. 5). The peptides detected in B-TCL rep-
resented known T cell epitopes within the Bet v 1 mole-
cule and very similar epitope recognition patterns were
observed in the corresponding A-TCL [27]. Bet v 14175
and the epitope located within Bet v 1,09_123 Were recov-
ered in all corresponding A-TCL. Peptides covering
Bet v 1,595 present in three B-TCL were found in two A-
TCL. The N-terminal epitopes Bet v 1,4 and Bet v 14533
were present in three A-TCL/five B-TCL and five A-TCL/
seven B-TCL, respectively. The C-terminal T cell epitope
covering Betv 144155 present in eight B-TCL was
detected in six A-TCL. Within these cross-reactive
regions, some A-TCL responded to the Bet v 1 peptides
whereas the corresponding B-TCL did not. On the other
hand, the epitope contained in Bet v 14,111 present in
five B-TCL was recovered in only one A-TCL. Two
patients responded to Betv 145744y in A-TCL without
reactivity in any B-TCL.

In summary, six prominent cross-reacting T cell epitopes
within the Bet v 1 molecule were identified underlined in
the sequence of Bet v 1 (Fig. 4). The sequence identity
between Bet v 1 and Api g 1 at the respective positions
are 27% for Betv 1,45, 33% for Betv 1633, 33% for

Table 1. Proliferation of Api g 1-specific TCL induced by Api g 1 or Bet v 1

1 2 3 4 5

6 7 8 9 10 11 12

Apig150ug/m 32 54 37 161 3.8
Bet v 15 ug/ml 3.8 7.8 56 209 37

2.9 3.4 6.4 4.8 4.3 1.7 1.3
4.6 2.0 6.8 241 18.7 7.3 3.4

3 G| are shown.
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Table 2. Characterization of Api g 1-specific TCC?
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TCC IL-4 IFN-y IL-10 Th subset Phenotype Apig 1 Bet v 1
(pg/ml) (pg/ml) (pg/ml) (S (Sh
1 C-A82 <9 >1000 33.1 1 CD4+afp+ 13.6 1
2 C-A106 20.7 35.2 14.2 0 CD4+af+ 57.9 6.7
3 D-A21 1418 63.7 >1000 2 CD4+afp+ 6.8 359
4 DD-A91 88 <95 <4.7 2 CD4+afp+ 9.5 242
5 GR-A65 500 <9.5 11.1 2 CD4+af+ 31.4 102
6 H-A78 116 15 233 2 CD4+ap+ 10.2 1
7 K-A110 <9 >1000 299 1 CD4+afp+ 4.3 6.7
8 SI-A25 774 <9.5 81.2 2 CD4+af+ 53.7 720
9 S-A3 29.4 541 7.6 0 CD4+ap+ 7.6 733
10 S-Ad1 12.1 109 <4.7 1 CD4+afp+ 7.7 25.5
11 S-A49 1644 122.8 45 2 CD4+af+ 15 50
12 S-A133 9.4 <9.5 <4.7 0 CD4+ap+ 9.8 189
13 W-A9 733 <9.5 576 2 CD4+ap+ 59 923

a)

Bet v 145175, 24% for Bet v 1,595, 60% for Bet v 1499123
and 40% for Bet v 1145_1s6-

3 Discussion

The cellular response to Apig1, the Betvi-
homologous allergen in celery tuber, was characterized
and compared with the major birch pollen allergen. Our
data indicate that predominantly birch pollen-specific
T cells responded to the celery allergen and that birch
pollen-related foods represent an important perennial
stimulus for these lymphocytes.

Similar to our previous report on the T cell cross-
reactivity between Bet v 1 and Mal d 1, the major aller-
gen in apple, cellular reactivity with the celery homo-
logue was mainly based on cross-reacting Betv 1-
specific T cells [28]. Consequently, we were interested to
define the T cell epitopes of Bet v 1 responsible for reac-
tivity with Api g 1. Six T cell epitopes distributed over the
complete birch pollen molecule were found (Fig. 5).
Hence, Api g 1 seems capable of activating T cells spe-
cific for several distinct Bet v 1 epitopes, although both
allergens share only 41% aa sequence identity. In 9/12
TCL generated with Apig 1, the epitope Bet v 149126
was present indicating that this epitope primarily
accounted for cross-reactivity with the celery allergen
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For specific stimulation 5 ug/ml Bet v 1 and 25 ug/ml Api g 1 were used.

(Fig. 5). Bet v 1499_126 Shares 61% aa identity (72% simi-
larity) with Api g 1400-126, the T cell epitope which domi-
nated the T cell response to Api g 1 (Fig. 3). The high aa
identity in this part of both allergens may explain that
Api g 1400-126 represented the major T cell-activating part
of the celery allergen. No association between recogni-
tion of this particular T cell-activating domain and
expression of special HLA class Il molecules was found,
which is consistent with previous results from our group
(data not shown) [29].

In birch pollen-allergic individuals, Bet v 1-specific Th
cells persist for a long time period in peripheral blood
and skin [30]. However, CD4" T cells do not seem to be
intrinsically long-lived but seem to require intermittent
and repeated contact with Ag to remain alive [31, 32].
The uptake of birch pollen-related food might activate
Bet v 1-specific CD4" T cells when patients do not
encounter the pollen allergen. In vivo evidence for this
hypothesis was provided by Reekers et al., who showed
that ingestion of birch pollen-related food aggravated
symptoms mediated by Bet v 1-specific T cells in the
skin of atopic dermatitis patients [33].

In our opinion, the major celery allergen seems to play a
particularly important role for activation of Betv 1-
specific T lymphocytes. The epitope Bet v 14g9_123 mainly
involved in cellular cross-reactivity between Api g 1 and
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Fig. 3. Api g 1-specific T cell epitopes. TCL from eight
patients were established with Api g 1 and proliferation was
tested with overlapping peptides spanning the Apig1
sequence. Proliferative responses (SI>3) are shown as
black boxes.
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Bet v 1 is recognized by the majority of birch pollen-
allergic individuals (Fig. 5; [27, 29]). Recent observations
from our laboratory showed that 45% of TCL generated
with Betv 1 responded to stimulation with Apig1
whereas only 35% cross-reacted with the major apple
allergen. Approximately 84% of birch pollen-allergic
patients experience IgE-mediated symptoms after
ingestion of apples but only 14% develop clinical food
allergy to celery [20]. Therefore, a high number of
symptom-free patients does not avoid this common food
source and, as a consequence, continuously provides
Ag to Bet v 1-specific T cells. The majority of Apig 1-
specific TCC depicted in Table 2 was isolated from blood
samples collected outside the pollen season and reacted
with Bet v 1. In addition, 55% of these clones synthe-
sized IL-4 in response to the food allergen. From these
results we deduce that allergens in food might not only
contribute to repeated activation of pollen-specific
T cells but also to the typical maintenance of Betv 1-
specific IgE levels outside the season of pollination.

In conclusion, our analysis of the immune response to
Api g 1 reveals that in addition to all relevant B cell epi-
topes the major birch pollen allergen contains the major
T cell-activating region of Api g 1. This may finally con-
firm that Bet v 1 represents the pioneer in initializing an
allergic response to the major celery allergen, which then
plays a role in boosting the pollen-specific immune
response.

4 Materials and methods

4.1 Allergic patients

Type | allergy to birch pollen and celery was documented by
typical case histories and positive skin prick tests. In addi-
tion, each patient displayed typical wheal-and-flare reac-
tions to fresh celery root (prick to prick test). None of the

GVFNYETETTSVIPAARLFKAFILDGDNLFPKVAPQAISSVENIEGNGGPGTIKKISFP 59

GV + E TS + A ++F+ F++D D + PK AP A SVE I+G+GGPGT+K I+ P

Api 1

GVOTHVLELTSSVSAEKIFQGFVIDVDTVLFKARPGAYKSVE - IKGDGGEPGTLEIITLE 59

Bet 60 EGFPFKYVKDRVDEVDHTNFKYNYSVIEGGPIGDTLEKISNEIKIVATPDGGSILKISN 118

+G P + R+D V+

++¥YSVI+G

+ +E I N + +V T DGGSTI K +

Api 60 DGGPITTMTLEIDGVNEEALTFDYSVIDGDILLGFIESIENHVVLVPTADGGSICETTA 118

Bet 119 KYHTKGDHEVEAEQVEASKEMGETLLRAVESYLLAHSDAYN 159

+HTKGD V E +K + E
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Fig. 4. Sequence alignment of Bet v 1 and Api g 1. ltalic letters indicate sequence identity, + marks conservative exchanges. The
immunodominant T cell-activating region of Api g 1 is underlined in the Api g 1 sequence. T cell epitopes of Bet v 1 involved in
the cross-reactivity between Bet v 1 and Api g 1 are underlined in the Bet v 1 sequence.
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Fig. 5. Bet v 1-specific T cell epitopes in rApi g 1-induced
(A) and rBet v 1-induced (B) TCL. Both TCL from 12 different
patients were stimulated with a panel of 50 peptides repre-
senting the aa sequence of Bet v 1. Peptides inducing an
SI>8 are shown as black boxes in A-TCL and as gray boxes
in B-TCL.

patients had developed more severe symptoms to celery
than oral allergy syndromes. All patients possessed IgE
directed against rBet v 1 and rApi g 1 in their sera (Fig. 1).
Molecular HLA typings for HLA-DRB and -DQB alleles were
performed according to methods described [34].

4.2 Allergens

RApi g 1 and rBet v 1 were obtained from Biomay (Vienna,
Austria). Bacterial endotoxin was detected using the Limulus
amebocyte lysate assay (BioWhittaker, Walkersville, MD).
Endotoxin levels in both allergens were below 30 pg/ug.

4.3 Immunoblots and inhibition assays
Immunoblotting of patients’ sera was performed as previ-
ously described [35]. Briefly, rApig1 (2 ug per lane) or

rBet v 1 (1 ug per lane) were separated by 12% SDS-PAGE
and blotted onto a nitrocellulose membrane. The membrane
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was incubated with patients’ sera overnight at 4°C. After
incubation with a '®I-labeled anti-human IgE Ab (IBL, Ham-
burg, Germany), bound IgE was visualized by autoradiogra-
phy. A serum pool obtained from five donors without birch
pollen allergy served as a negative control. For inhibition
experiments the serum of each patient was incubated over-
night at room temperature with either rApig 1 (5 ng/ml) or
rBetv 1 (5 ug/ml). As control, the same concentration of
BSA was added.

4.4 Proliferation assays

PBMC were obtained from peripheral blood by Ficoll-
Hypaque density gradient centrifugation (Pharmacia Diag-
nostics, Uppsala, Sweden). PBMC (2x10°% were cultured in
triplicates in 96-well plates (Nunclone, Nunc, Denmark) in
200 ul of serum-free Ultra Culture Medium (BioWhittaker)
supplemented with 2 mM/I glutamine and 2x10° M 2-ME in
the presence of either allergen for 6 days at 37°C and 5%
CO; in a humidified atmosphere. rApi g 1 was titrated in the
concentration range of 12.5 to 100 ug/ml, rBetv 1 in the
range of 3.18 to 25 ug/ml. During the last 16 h of culture,
[Hlthymidine (0.5 uCi per well) was added and the incorpo-
rated radioactivity was measured by scintillation counting.

4.5 Allergen-specific TCL

Allergen-specific short-term TCL were obtained by a tech-
nique previously described [36]. Briefly, PBMC (1.5x10%ml)
were stimulated with either 20 ug/ml of purified rApig 1 or
10 ug/ml of purified rBet v 1a in 24-well flat-bottomed cul-
ture plates (3524; Costar, Cambridge, MA) under conditions
as described above. After 5 days, 10 U/ml of human rIL-2
(Boehringer, Mannheim, Germany) was added. At day 7,
T cell blasts were enriched by density gradient centrifuga-
tion and TCC were established by limiting dilution. Remain-
ing T cell blasts were expanded at weekly intervals with
fresh allogeneic irradiated feeder cells and rIL-2. Cells of
expanded TCL (5x10%) were restimulated with rApig 1
(50 ug/ml) and rBetv1 (5ug/ml) in the presence of
1x10° autologous irradiated (60 Gy) PBMC. TCL were
mapped for T cell epitopes using a panel of 48 dodecapep-
tides representing the complete aa sequence of Api g 1 [25]
(5 ug/ml of each peptide; Mimotopes/Biotrend, K&ln, Ger-
many) and a panel of 50 dodecapeptides representing the
complete aa sequence of Betv 1a (Mimotopes/Biotrend)
[27]. After 48 h, [*H]thymidine was added and cell prolifera-
tion was evaluated as described above. The stimulation
index (Sl) was calculated as ratio between cpm obtained in
cultures with TCL plus autologous PBMC plus Ag and cpm
obtained in cultures containing TCL and PBMC. Peptides
inducing an SI>3 were considered as positive.
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4.6 Api g 1-specific TCC

TCC were established according to published protocols
[36]. Briefly, T cell blasts from Api g 1-specific TCL were
seeded by limiting dilution technique in 96-well round-
bottom plates (Nunclone) in the presence of 2x10° irradiated
allogeneic PBMC, 0.5% (v/v) PHA (Gibco, Grand Island, NY)
and rlL-2 (4 U/well) in the medium described above. Grow-
ing microcultures were expanded at weekly intervals with
fresh allogeneic irradiated PBMC and rIL-2. The specificity
of TCC was assessed in proliferation assays as soon as the
cell number reached 2x10°. Apig 1-specific TCC were
thereafter expanded by alternating turns of stimulation with
autologous irradiated PBMC and allergen, or with allogeneic
feeder cells and rIL-2. The phenotype of TCC was analyzed
by FCM as previously described [36].

4.7 Measurement of cytokine patterns of TCC

TCC were washed and incubated with irradiated autologous
PBMC in the presence of rApig 1 (50 ug/ml) or rBetv 1
(5 nug/ml) for 24 h. Cytokine levels in SN were measured by
ELISA using matched Ab pairs (Endogen, Woburn, MA)
according to instructions by the manufacturers (sensitivity
limits: IL-4: 9 pg/ml, IFN-y: 9.5 pg/ml, IL-10: 4.7 pg/ml). Cul-
tures containing TCC and PBMC alone served as negative
controls. TCC were distinguished into Th subsets according
to their cytokine pattern in response to allergen-specific
stimulation. TCC synthesizing more than five times pg/ml IL-
4 than pg/ml IFN- vy were attributed to the Th2-like subset,
TCC producing five times more pg/ml IFN-y than pg/ml IL-4
to the Th1-like subset. TCC producing similar levels of IL-4
and IFN-y were classified as ThO.

4.8 Statistical analysis

Statistical significance of differences was determined by the
Wilcoxon Signed Ranks test. Differences were considered
statistically significant for p<0.05.
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