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Abstract
A panel of 133 allergens derived from 28 different sources, including fungi, trees, grasses, weeds
and indoor allergens, was surveyed utilizing prediction of HLA class II binding peptides and
ELISPOT assays with PBMC from allergic donors, resulting in the identification of 257 T cell
epitopes. More than 90% of the epitopes were novel, and for 14 allergen sources were the first
ever identified. The epitopes identified in the different allergen sources summed up to a variable
fraction of the total extract response. In cases of allergens where the identified T cell epitopes
accounted for a minor fraction of the extract response, fewer known protein sequences were
available, suggesting that for “low epitope coverage” allergen sources, additional allergen proteins
remain to be identified. IL-5 and IFN-γresponses were measured as prototype Th2 and Th1
responses, respectively. While in some cases (e.g., Orchard Grass, Alternaria, Cypress, and
Russian Thistle) IL-5 production greatly exceeded IFN-γ, in others (e.g., Aspergillus, Penicillum,
and Alder) the production of IFN-γ exceeded IL-5. Thus, different allergen sources are associated
with variable polarization of the responding T cells. The present study represents the most
comprehensive survey to date of human allergen derived T cell epitopes. These epitopes might be
used to characterize T cell phenotype/T cell plasticity as a function of seasonality, or as a result of
SIT treatment or varying disease severity (asthma or rhinitis).

INTRODUCTION
Allergic reactions to common environmental allergens are associated with serious clinical
manifestations, such as rhinitis and asthma, translating into high morbidity and societal
costs. Furthermore, the incidence and prevalence of allergic disease is constantly rising.
Current treatments for allergic disease are not fully satisfactory and, coincidentally, our
understanding of the fundamental aspects of allergic disease remains incomplete (1, 2).
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It is well appreciated that the initiation and maintenance of allergic disease is due to a
complex series of molecular events, including both innate and adaptive immunity (3-5). In
terms of adaptive immunity, IgE is of particular importance (6). Its cross-linking by antigen
is a main cause of the release of histamine and other mediators, and subsequent clinical
manifestations of an allergic response (7). In fact, IgE reactivity is utilized to define the
particular allergens contained in a given allergen source (8). However, in addition to IgE
responses, T cells also vitally contribute to allergic disease (9). This contribution may be
indirect, by promoting the production of IgE and the differentiation of eosinophils, or direct,
through the release of various pro-inflammatory cytokines, such as IL-5, which promotes
eosinophilic inflammation. A possible beneficial role of Tregs, resulting in suppression of
allergic reactions, has also been indicated by several studies (10). Our knowledge of the role
of antigen specific T cells in allergic reactions in humans is limited, and detailed studies are
hampered by a relative paucity of information relating to the actual epitopes recognized by
allergen-specific T cells.

Several studies have identified epitopes recognized by human T cells, but for many allergen
systems the information is either fragmentary or lacking altogether. Responses to complex
allergens in humans are very heterogeneous and involve recognition of a large number of
epitopes (11-26). At the same time, the most dominant and prevalent responses encompass
an appreciable fraction, and in some cases the majority, of the response, and these dominant
epitopes can be predicted on the basis of their capacity to bind, and be recognized in the
context of, multiple HLA DR, DP and DQ allelic variants (11) (Oseroff et al., in press).

Here, we took advantage of this approach to investigate a large panel of allergen proteins
derived from 28 common allergen sources, which included fungi (Alternaria, Aspergillus,
Cladosporuim and Penicillium), trees (Alder, Ash, Birch, Black Walnut, Cypress, Juniper,
Oak and Palm), grasses (Bermuda, Canary, Kentucky Blue, Orchard, Rye and Sweet
Vernal), weeds (English Plantain, Giant Ragweed, Mugwort, Russian Thistle, and Western
Ragweed) and various indoor allergens (American Cockroach, Cat dander, Dog dander and
Dust Mites). We identified over 250 different antigenic regions, most of which have not
been previously described, and provide the first actual epitope data for several allergen
sources. We find that T cell responses to the allergens previously defined on the basis of IgE
reactivity account for a variable, and in many cases a surprisingly small, fraction of T cell
responses, suggesting that several antigens involved in T cell recognition are yet to be
described. We further find that different allergen sources are differentially polarized in terms
of their capacity to recall production of Th1 versus Th2 associated lymphokines.

MATERIALS AND METHODS
Patient donor population

Patient recruitment for this study was performed at the University of California, San Diego
(UCSD), and at National Jewish Health (NJH) in Denver, CO, under each local IRB
approved protocol, as well as LIAI Institutional Review Board IRB approved protocol
VD1-059-0311 (Federal Wide Assurance #00000032). Informed consent, study ID numbers,
clinical case histories and other information were collected and recorded by clinical
investigators. Immediate hypersensitivity skin test reactivity to a panel of extracts from 28
common allergens, as well as positive (histamine), and negative controls (diluent), was
determined by standard methods. Both wheal (mm) and flare (mm) were measured at 15
minutes. All volunteers were asked to provide a 5 ml serum sample and a unit of peripheral
blood.

An allergic donor was defined based on a history of allergic rhinitis and a positive skin test
(a wheal of at least 3 mm in diameter greater than the diluent negative control) to one or
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more of the allergens tested. A total of 87 allergic donors were investigated. The donor
cohort included 45 females and 42 males, and ranged between 20-63 years of age. Of the 87
donors, 52 had rhinitis and another 29 were categorized as having rhinitis and asthma (6
were not classified).

Our main goal was to identify a majority of the epitopes that are frequently recognized in the
human population. By testing at least ten donors for each allergen of interest, we have a
sufficient sample size such that 80% of all epitopes that are recognized in 15% or more
allergic individuals in the general population are expected to give a positive response in one
or more of the ten individuals in our study (assuming a binomial distribution). Similarly,
95% of all epitopes recognized in 40% of the allergic population are expected to give
responses in two or more individuals in our study. Based on these considerations, we
consider studying ten donors per allergen as sufficient to identify targets of frequent
responses.

Bioinformatic analyses
Uniprot accession IDs for each of a panel of 28 common allergens were collected from the
IUIS Allergen Nomenclature database, then used to retrieve sequences from the Uniprot
database (see Supplemental Table 1). For those allergens without Uniprot IDs, we used the
sequences provided by IUIS. If an allergen (e.g. Alt a1) had multiple sequences, a
representative sequence for each allergen was selected. The representative sequence should
have the longest length and greatest sequence coverage (or sequence identity > 90%)
compared to other sequences. If the sequence identity between two sequences that belong to
the same allergen is < 40%, both sequences were selected. As a result, 169 non-redundant
sequences were identified.

Sequences, including isoforms, were then scanned for unique 15-mer peptides overlapping
by 10 residues. Each peptide was then predicted for its capacity to bind to a panel of 20 of
the most common HLA class II alleles (DPA1*0103/DPB1*0201, DPA1*0201/DPB1*0101,
DPA1*0201/DPB1*0501, DPA1*0301/DPB1*0402, DQA1*0101/DQB1*0501,
DQA1*0301/DQB1*0302, DQA1*0401/DQB1*0402, DQA1*0501/DQB1*0301,
DRB1*0101, DRB1*0301, DRB1*0401, DRB1*0405, DRB1*0701, DRB1*0802,
DRB1*1101, DRB1*1302, DRB1*1501, DRB3*0101, DRB4*0101, DRB5*0101) using the
consensus prediction described in (27). Peptides with predicted binding scores in the top
20% for a given allele were considered potential binders, and the number of HLA molecules
each peptide was predicted to bind was enumerated. All peptides predicted to bind 10 or
more HLA molecules were selected for synthesis and further study.

To make sure each allergen is adequately represented in the peptide set, at least 2 peptides
were included for each allergen. We further stipulated that these 2 peptides should not be
located in the first 20 residues (which likely contain signal sequences), and that the 2
peptides should not directly overlap (e.g. peptide 56-70 and 61-75). These additional
requirements could be met for all but 4 proteins (Sec c 1, Sec c 20, Ant o 1, Dac g 2) for
which only fragmentary sequence information was available. The complete list of peptides
studied is shown in Supplemental Table 1.

Peptide synthesis
Peptides for screening studies were purchased from Mimotopes (Clayton, Victoria,
Australia) and/or A and A (San Diego, CA) as crude material on a small (1 mg) scale.
Peptides utilized as radiolabeled ligands were synthesized on larger scale, and purified
(>95%) by reversed phase HPLC.
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HLA binding assays
Assays to quantitatively measure peptide binding to MHC class II molecules, based on the
inhibition of binding of a high affinity radiolabeled peptide to purified MHC molecules,
have been described in detail elsewhere (28). Briefly, MHC molecules were purified from
EBV transformed homozygous cell lines by monoclonal Ab-based affinity chromatography.
HLA-DR, DQ and DP molecules were captured by repeated passage of lysates over LB3.1
(anti-HLA-DR), SPV-L3 (anti-HLA-DQ) and B7/21 (anti-HLA-DP) columns.

For inhibition experiments, 0.1-1 nM of radiolabeled peptide was co-incubated at room
temperature or 37°C with 1 μM to 1 nM of purified MHC in the presence of a cocktail of
protease inhibitors and various amounts of inhibitor peptide. Following a 2 to 4 day
incubation, the percent of MHC bound radioactivity was determined by capturing MHC/
peptide complexes on LB3.1 (DR), L243 (DR), HB180 (DR/DQ/DP), SPV-L3 (DQ) or
B7/21 (DP) Ab coated Optiplates (Packard Instrument Co., Meriden, CT), and bound cpm
measured using the TopCount (Packard Instrument Co.) microscintillation counter. Inhibitor
peptides were tested in at least three or more independent assays at six different
concentrations covering a 100,00-fold dose range. Under the conditions utilized, where
[label]<[MHC] and IC50 ≥ [MHC], the measured IC50 values are reasonable approximations
of the true Kd values (29, 30).

PBMC isolation and HLA typing
PBMC were obtained by density gradient centrifugation (Ficoll-Hypaque, Amerhsam
Biosciences, Uppsala, Sweden) from one unit of blood (450 ml), according to
manufacturer's instructions, and cryo-preserved for further analysis. An aliquot of serum was
obtained for RAST IgE and IgG analyses (performed at NJMRC, Denver, CO & Phadia).

HLA typing was performed according to standard methods. Briefly, genomic DNA isolated
from PBMC of the study subjects by standard techniques (QIAmp, Qiagen, Valencia, CA)
was used for HLA typing. High resolution Luminex-based Sequence-Specific
Oligonucleotide (SSO) typing for HLA Class I and Class II was utilized according the
manufacturer's instructions (One Lambda, Canoga Park, CA). Where needed, PCR based
Sequence-Specific Primer (SSP) typing methods were used to provide high resolution sub-
typing (One Lambda, Canoga Park, CA).

In vitro expansion of allergen-specific T cells
PBMCs were cultured in RPMI 1640 (V Scientific, Tarzana, CA) supplemented with 5%
human serum (Cellgro, Herndon, VA) at a density of 2×106 cells/ml in 24-well plates (BD
Biosciences, San Jose, CA) and stimulated with 2 to 50 μg/ml of allergen extract (Greer,
Lenoir, NC) depending on the allergen (see Supplemental Table 2). Cells were kept at
37°C in 5% CO2 and additional IL-2 (10 U/ml; eBioscience, San Diego, CA) was added
every 3 days after initial antigenic stimulation. On day 14, cells were harvested and screened
for reactivity against the allergen-specific peptide pools or individual peptides. LPS content
of the various extracts was measured by Indoor Biotechnologies (Charlottesville, VA) using
standard Limulus Amebocyte Lysate (LAL) methodology.

ELISPOT assays
The production of IL-5 and IFN-γ was analyzed in ELISPOT assays. Flat-bottom 96-well
nitrocellulose plates (Millipore, Bedford, MA) were prepared according to manufacturer's
instructions and coated with 10 μg/ml anti-human IL-5 (Clone TRFK5; Mabtech,
Cincinnati, OH) and anti-human IFN-γ (Clone 1-D1K; Mabtech). Cells were then incubated
at a density of 1×105/well either with peptide pools or individual peptides (10μg/ml), extract
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(2-50 μg/ml), PHA (10 μg/ml), or medium containing 0.1% DMSO (corresponding to the
percentage of DMSO in the pools/peptides) as a control. After 24 hours, cells were removed,
and plates were incubated with either 2 μg/ml biotinylated anti-human IL-5 Ab (Mabtech)
and 1:200 HRP-conjugated anti-human IFN-γ Ab (Mabtech) at 37°C. After 2 hours, spots
corresponding to the biotinylated Abs (IL-5) were developed by incubation with Alkaline
Phosphatase-Complex (Vector Laboratories, Burlingame, CA) followed by incubation with
Vector Blue Alkaline Phosphatase Substrate Kit III (Vector Laboratories) according to the
manufacturer's instructions. Spots corresponding to the HRP-conjugated Ab (IFN-γ) were
developed with 3-amino-9-ethylcarvazole solution (Sigma-Aldrich, St. Louis, MO). Spots
were counted by computer-assisted image analysis (Zeiss, KS-ELISPOT reader, Munich,
Germany).

Each assay was performed in triplicate. The level of statistical significance was determined
with a Student's t-test using the mean of triplicate values of the response against relevant
pools or individual peptides versus the response against the DMSO control. Criteria for
peptide pool positivity were 100 spot-forming cells (SFCs)/106 PBMC, p ≤ 0.05 and a
stimulation index (SI) ≥ 2, while criteria for individual peptide positivity were ≥ 20 SFC/106

PBMC, p ≤ 0.05, and a SI ≥ 2. The SFC/10^6 criteria utilized (in conjunction with also
passing a T test with p< 0.05, and a SI>2) have been used in several recent studies from our
group (see, e.g., (16-19, 31-36). In particular, in the context of allergen epitope
identification, a recent study analyzing responses to Timothy Grass allergens validated much
of the methodology applied in the present study. Together, in these studies it was also noted
that, in general, epitope pools yielding significant but relatively weaker responses (in the 20
to 100 SFC range) did not lead to the identification of significant and consistent responses at
the level of individual peptides. For this reason, and because cells are often limiting, and
pool deconvolution is the most demanding step in terms of cell requirement, in those studies,
as well as in the present study, only pools yielding 100 SFC/10^6 were deconvoluted.

HLA restriction
To determine the HLA locus restriction of identified epitopes, mAb inhibition assays were
performed as described previously (11, 37). Preliminary determinations were made on
control T cell clones of known specificity to determine optimal antibody doses leading to
complete inhibition of the specific clones, and not associated with inhibition of clones
known to be restricted by a different HLA allele or locus. This antibody concentration was
then utilized in experiments where a dose response of antigenic peptide was tested in the
presence or absence of the specific antibodies. Experimental determinations were performed
utilizing ELISPOT assays specific for the particular lymphokine utilized to originally
identify the particular epitope mapped.

For each antigenic region/donor combination short-term T cell lines were derived by extract
stimulation of triplicate cultures of 2-3 million cells. IL-2 was added 5-8 days following
stimulation. After 14 days of stimulation with the corresponding allergen extract (2-50 μg/
ml), the HLA locus that restricted the response to the specific lymphokine was determined
by measuring the capacity of mAbs specific for HLA-DR, DP or DQ to inhibit (block) the
response. For this, PBMCs were incubated with 10 μg/ml of mAbs (Strategic Biosolutions,
Windham, ME) against HLA-DR (LB3.1), DP (B7/21) or DQ (SVPL3) 30 minutes prior to
addition of 10 μg/ml of peptide. Cytokine production induced by positive peptides was then
measured in ELISPOT assays as described above. The pan MHC class I Ab (W6/32) was
used as a control. The decrease (inhibition) in cytokine production in the presence of an
HLA locus specific mAb, relative to production in the absence of mAb, was determined. A
response was considered as restricted by HLA alleles at a specific locus when ≥50%
inhibition of the response was observed in the presence of the corresponding mAb.
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RESULTS
Selection of a panel of common allergens for investigation

T cell responses to complex allergens in humans are very heterogeneous and involve
recognition of a large number of epitopes (11-26). Recent work by our group in the Timothy
Grass (11) and German cockroach systems (Oseroff et al., in press) utilized an approach
based on in vitro stimulation of PBMC from allergic donors followed by testing of peptide
pools, and then further characterization of responses by testing individual peptides from
positive pools. Here, we took advantage of this approach to investigate a large panel of
allergen proteins derived from 28 different allergen sources. This investigation broadly
addressed inhalants and contact allergens, including allergens derived from fungi
(Alternaria, Aspergillus, Cladosporuim and Penicillium), trees (Alder, Ash, Birch, Black
Walnut, Cypress, Juniper, Oak and Palm), grasses (Bermuda, Canary, Kentucky Blue,
Orchard, Rye and Sweet Vernal), weeds (English Plantain, Giant Ragweed, Mugwort,
Russian Thistle, and Western Ragweed) and various indoor allergens (American Cockroach,
Cat dander, Dog dander and Dust Mites) (Table I). These allergen sources were selected
because of their common diagnosis by extract reactivity in allergic patients at the two
participating clinical sites, and availability in the IUIS database of at least some allergen
protein sequences (for a complete list of these allergen proteins see Supplemental Table 1).

In our investigations we utilized in vitro stimulation for a 14-17 day period, as the studies in
the Timothy Grass and German Cockroach systems mentioned above indicated these time
points to be optimal. As shown in Figure 1, additional data from three individual donors for
two different allergen sources (Alternaria and Rye Grass) demonstrate that both IFN-γ and
IL-5 responses are optimally detected in the 14-17 day window. The doses of individual
extracts used for in vitro stimulation were chosen on the basis of initial dose titration
experiments. For each extract the magnitude of responses, as well as cell viability at the end
of the in vitro stimulation step, were noted. For certain extracts toxicity (loss of viability)
was observed. In all experiments we used the highest dose not associated with noticeable
toxicity. The exact dose utilized for each extract source is shown in Supplemental Table 2.

Experimental strategy to identify allergen T cell epitopes
The strategy previously validated in the Timothy Grass model system (11) was utilized to
predict potential allergen derived T cell epitopes. As described in the Materials and
Methods, peptides ranking in the top 20% of predicted affinities for 10 or more of 20
common HLA class II alleles were selected for synthesis and further analysis. In total (see
Table I), 133 different proteins were analyzed, and a total of 1411 predicted promiscuous
binders were synthesized, corresponding to an average of 10.6 peptides per protein. On
average, about 50 peptides were made for each allergen source, with a range of 3 to 229 (a
complete list of the peptides synthesized is also provided in Supplemental Table 1).

Short-term lines stimulated with extract, as described above, were tested with pools of 15-20
peptides from the proteins of the corresponding allergen, and then individual epitopes were
identified by deconvolution of positive pools (11). The dose of peptide utilized in the
experiments was selected based on the fact that for pools of 20 peptides, in which the initial
individual peptide stocks are 40 mg/ml in 100% DMSO, the highest final concentration of
each individual peptide that can be achieved, without reaching a total pool DMSO
concentration that is toxic in the assay (0.25-0.5%), is 4-5 μg/ml. A dose of 10 μg/ml was
used for experiments with single peptide stimulations. This is consistent with our experience
in other systems (see, e.g., (11, 17, 21, 31, 33, 38)), and is also a dose routinely used in the
literature relating to stimulation of human class II restricted T cells.
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An additional issue to be addressed is whether different epitopes may be recognized on day
6 compared to day 14 of cultures. To address this issue, the pattern of epitopes identified
was compared for two representative donors (D00095 and D00107) in the Alternaria system.
The data, shown in Figure 2, illustrate how the epitopes identified on day 6 were also
identified on day 14. In addition, because of the stronger signal obtained on day 14,
additional peptides that would have been missed on day 6 are revealed at the day 14 time-
point.

Different lymphokines are differentially produced and regulated (39). However, in our
experience, the epitopes that are recognized by IL-5 producing cells are essentially the same
ones recognized by IL-4/IL-13 producing cells. Furthermore, IL-5 and IL-4/IL-13 producing
cells are largely overlapping. Accordingly, in the present study, we focused on IL-5 as a
representative lymphokine of the Th2 lineage. To illustrate our rationale, Figure 3
summarizes an analysis of IL-4, IL-5 and IL-13 producing cells in representative donors in
response to Alternaria and Rye Grass peptides. These data demonstrate that, indeed, the
epitopes recognized by IL-5 producing cells are the same ones recognized by IL-4/IL-13
producing cells. Furthermore, the data show that IL-5 and IL-4/IL-13 producing cells are
largely overlapping and that there is little to gain by measuring all three lymphokines. Thus,
while measuring all three lymphokines separately would be of obvious interest, it essentially
doubles the number of cells required, and thus would not be easily compatible with the large
number of allergens studied, and the relatively high-throughput nature of the assay strategy
utilized in the present study.

Identification of 257 different antigenic regions from common allergen sources
PBMC from donors with positive skin tests to the allergen in question were restimulated in
vitro with the various corresponding allergen extracts. Allergen extract stimulation was
effective in most of the donors (94% overall, and on average across all sources; range 67 to
100% for the different extracts; Supplemental Table 2). These short-term, extract-
stimulated, lines were tested with pools of 15-20 peptides from the proteins of the
corresponding allergen, and then individual epitopes were identified by deconvolution of
positive pools (11). For each allergen source, we tested PBMCs from at least ten different
allergic donors (range 10-15, average 11), as determined by skin test to the corresponding
allergen. in standard dual ELISPOT assays detecting IFN-γ and IL-5. We acknowledge that
this is a rather limited number of donors. This number was chosen to enable identification of
epitopes that are most frequently recognized in the donor population, consistent with the
promiscuous HLA binding principle used to select the candidate epitopes. According to our
power calculations, by studying the response in 10 allergic donors, 80% of all epitopes that
are recognized in 15% or more allergic individuals in the general population would be
identified (assuming a binomial distribution). Similarly, 95% of all epitopes recognized in
40% of the allergic population are expected to give responses in two or more individuals in
our study. This is consistent with the scope of the current investigation, which was to survey
a large number of allergen sources, side-by-side, utilizing the same experimental design, and
characterizing the most dominant responses.

In total, 322 peptides were positive in at least one donor. ELISPOT results from each
individual peptide are presented in Supplemental Table 3. The high rate at which predicted
peptides were found to be antigenic (322/1405 = 22.9%) demonstrates the power of the
approach based on prediction of promiscuous HLA class II binding. Some epitopes were
highly homologous because they were derived from allergen isoforms, or from the same
allergen protein and covered largely overlapping regions. After removal of redundancies and
consolidation of largely overlapping regions, a total of 289 unique epitopes, corresponding
to 257 distinct antigenic regions, were identified (Table I).
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Novelty of the allergen epitopes identified
Next, the sequences of the 257 antigenic regions identified by our study were compared to
the known human Class II/CD4 epitopes curated in the IEDB (www.iedb.org; (40)). To
obtain a data set with characteristics comparable to the one obtained in the screening
described herein, the IEDB was queried for all epitopes defined in human hosts, either ex
vivo or by utilizing short-term lines, and for which CD4/class II restriction could either be
demonstrated or inferred on the basis of the assay methodology. The purpose of this analysis
was to determine the extent to which the identified epitopes were either novel or previously
cited.

Overall, epitopes were identified for 25 of the 28 allergen sources studied. For 14 of the
allergen sources all of the epitopes identified were completely novel, in that no epitope
could be found in the IEDB that satisfied the criteria defined above (Table IIA). By
contrast, and as expected, in the cases of 11 other allergen sources which have been
previously and more extensively studied, many of the epitopes identified mapped to regions
reported as being antigenic in allergic patients (Table IIB). Nonetheless, in those cases, the
antigenic regions identified in the current study were still, to a great extent novel, as 84% of
the epitopes identified had not been previously reported. Conversely, only 38% of the
epitopes already curated by the IEDB were re-identified by the present study. This is
consistent with the results obtained in the Timothy Grass study, which estimated that the
predictive approach would identify the most dominant and prevalently recognized epitopes,
corresponding to about 50% of the total T cell response (11). In conclusion, the analysis
presented in this section underscores the novel nature of a large number of the epitopes
identified in the current study.

Multiple allergen sequences are necessary to capture T cell epitope responses
The distribution of epitopes identified was next analyzed as a function of the various
allergen sources. As mentioned above, allergen extract stimulation was effective in 95% of
the donors. However, in some cases a relatively large number of epitopes were identified,
while in other cases the screen revealed no, or only a few, epitopes. To quantitatively
express these variations, for each allergen source we calculated the ratio of the total epitope
specific IL-5 and IFNγ response to the total response observed against the corresponding
crude allergen extract (Table III). In 16 cases the peptide specific responses corresponded
to 15% or more of the response detected against the extract, while in 12 cases the peptide
responses totaled less than this arbitrary threshold. Indeed, the 16 allergen sources
associated with the larger total peptide responses accounted for 230 of the 257 (89%)
epitope regions identified, and 74 of the 81 (91%) regions recognized by 2 or more donors
(see also Supplemental Table 3).

When the number of known allergenic proteins described in the IUIS database, and utilized
for the present analysis, was scrutinized (Table III), a correlation between the fraction of
the extract response that could be attributed to the peptides studied, and the number of
representative protein sequences available, became apparent. In other words, the sources for
which the set of T cell epitopes identified accounted for only a minor fraction of the extract
response were represented by fewer protein sequences (median 1.5) as compared to the
sources where the epitopes accounted for a larger fraction of the extract response (median 5
protein sequences, RS = 0.49; p = 0.01). These results suggest that, in the cases of the “low
epitope coverage” allergen sources, the number of antigenic T cell targets was too limited to
allow for capture of the complexity of responses. Thus, it is likely that for these sources
additional allergens remain to be identified and described.
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Exceptions to this trend were noted, however. For example, in the case of White Oak, only
one protein was represented in the IUIS. However, peptides from that one protein accounted
for almost 50% of the extract response. Other instances where an appreciable fraction
(21-47%) of the extract response was associated with just a few proteins were also noted.
Indeed, as shown in Table III, for 5 of the 16 allergens for which >15% of the extract
response was identified with antigen specific peptide pools, only one or two proteins were
available for study. These data suggest that for these allergen sources the major T cell
epitopes are derived from a limited number of proteins. Conversely, it is remarkable that for
some organisms, such as Aspergillus, where many proteins were scanned (n=23), only a few
(n=1) were found to have epitopes. Finally, in some cases, such as American Cockroach, the
paucity of epitopes might be reflective of the weak level of sensitization of the particular
patient population investigated in this study, as judged by low skin test reactivity.

Promiscuous restriction of dominant epitopes
In the next series of experiments we focused on 74 epitope regions that were recognized in
two or more donors and derived from the 16 allergen sources in which peptide specific
responses could account for 15% or more of the responses detected with the extract. These
more prominent epitopic regions, listed in Table IV, accounted for 70% of the total SFC
response detected against all of the epitope regions identified from these 16 different
allergen sources.

Each of the individual 15-mer peptides associated with these regions was tested for its
capacity to bind a panel of 35 different DR, DP and DQ molecules representative of the
most common allelic variants worldwide (41-43), including all 20 molecules comprising the
prediction panel. It was found that 73% of the epitopes bound 50% or more of the molecules
tested with an affinity of 1000 nM, or better (Figure 4; binding data for each peptide is
presented in Supplemental Table 4). By contrast, in a control set of a panel of 425
unbiased, non-redundant, peptides representing 15-mers, overlapping by 10 residues,
spanning the entire sequences of the P. pratense 1, 2, 3, 4, 5, 6, 7, 11, 12, and 13 pollen
antigens, only 17% bound 50% or more of the same molecules. As the allergen-derived
peptides tested herein were selected on the basis of predicted promiscuous HLA class II
binding capacity, overall, these data support the validity of the predictive approach for
identification of promiscuous binding peptides.

Based on the predictive approach taken and the data presented above, we expected that a
diverse set of HLA allelic variants would be restricting the T cell responses to the epitopes
identified. To address this issue experimentally, the HLA locus restriction of the more
frequently recognized epitopes was determined by inhibition experiments utilizing DR-, DP-
and DQ-specific antibodies. Locus restriction could be determined for a total of 65 antigenic
regions (Table IV). In the remaining combinations (about a third of the cases), locus
restriction could not be determined, either due to a scarcity of cells, low responses, or
because 50% inhibition by locus specific mAb could not be achieved, perhaps reflective of
promiscuous locus restriction at the level of individual donors.

Multiple restricting loci were observed in about a third of the cases (21/65; 32.3%).
Furthermore, in 10 of the 17 (59%) cases where a single locus was indicated by the antibody
inhibition experiments as restricting a specific epitope in multiple donors, no single allelic
variant capable of binding the epitope in vitro was shared by all of the responding donors,
thus implying intra-locus promiscuous restriction as well. Overall, the data presented in this
section highlights the promiscuous restriction of the more prevalent and dominant epitopes
identified.
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T cell responses to different allergen sources are differentially polarized
As described above, the epitope specific responses for the various allergen sources were
determined by utilizing both IL-5 and IFN-γ ELISPOT assays. These lymphokines were
chosen as prototype Th2 and Th1 responses, respectively. For each of the allergen sources,
we next inspected the relative proportion of the response attributed to each of these two
lymphokines. As expected, overall IL-5 production exceeded IFN-γ production by a ratio of
approximately 2:1. Interestingly, however, different patterns were noted for individual
allergen sources (Figure 5). In some cases (e.g., Orchard grass, Alternaria, Cypress, and
Russian Thistle), IL-5 production exceeded IFN-γ production by 5-10-fold. In other cases
(e.g., Aspergillus, Penicillum, and Alder), the converse was noted, as production of IFN-γ
exceed IL-5 production by more than 3-10-fold. These results suggest that different allergen
sources are associated with different degrees of polarization of the responding T cell subsets.
We hypothesized that differential polarization may correlate with the skin test response,
such that a late phase skin response may associate more frequently with the Th1-type
allergen/epitope. However, examination of the data revealed no discernable trend (Figure
5). Similarly, it was hypothesized that the polarization observed was due to the different
allergenic extracts having different levels of LPS content. When the LPS content of the
various extracts was measured (see the table embedded in Figure 5) we found no correlation
(r=0.14, -0.16 and -0.16 for IFNγ, IL-5 and the IFNγ/IL-5 ratio, respectively) between the
LPS content the Th1/Th2 skewing we observed.

Strikingly, even within an individual donor, responses to different allergen sources could be
differentially polarized, with responses to one allergen dominated by Th1 responses, and to a
different allergen dominated by Th2 responses. An example of this type of situation is
shown in Figure 6, which depicts the T cell responses observed in a donor who responded to
epitopes from Alder and Alternaria rot fungus, allergens associated with Th1 and Th2
polarization, respectively. As shown, the response by this donor to Alder (Aln g) was
completely Th1, while the response to Alternaria (Alt a) was completely Th2.

DISCUSSION
Herein, we report the results of a systematic survey of T cell epitopes derived from common
allergens. To the best of our knowledge this is the first such study simultaneously
investigating 28 different common allergen sources with the same controlled and uniform
technical approach. This approach is designed to allow relatively high throughput analysis,
while still capturing a large fraction of the total class II restricted allergen specific T cell
response, and was previously validated in the Timothy Grass (11) and German Cockroach
(Oseroff et al., in press) systems. The approach is based on prediction of the peptides most
likely to bind a panel of HLA molecules chosen to be representative of the most common
HLA class II allelic variants at the DR, DP and DQ loci.

Each peptide was tested in at least ten donors specifically allergic to each allergen source.
We reasoned that this number of donors would be suitable to identify the more dominant,
and more frequently recognized, epitopes, while at the same time allowing us to screen for a
broad and diverse set of allergen sources. Nearly a quarter (322/1405= 22.9%) of the
predicted peptides were positive in at least one of the donors tested, thus further validating
the approach, and illustrating its broad applicability to human inhalant and contact allergens,
including fungus, tree, grass, weed and animal allergens.

The significance of the observations is highlighted by the comparison of these newly
identified epitopes with those previously identified and described in the scientific literature
and curated in the IEDB (40, 44). The epitopes identified for 14 of the allergen sources were
totally novel, in that no human class II/CD4 epitope could be found in the IEDB that
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overlapped with any of the epitopes described herein. For 11 other allergen sources, which
have been more extensively studied, 84% of the epitopes identified were still novel.
Conversely, when the data was analyzed to pinpoint the fraction of IEDB-contained epitopes
that were re-identified in the course of the present study, we found that, on average, 38% of
the known epitopes were re-identified. This is consistent with the Timothy Grass and
German Cockroach studies noted above, which estimated that the predictive approach would
identify the most dominant and prevalently recognized epitopes, corresponding to about
50% of the total T cell response.

The epitopes most frequently recognized were characterized in terms of their HLA binding
capacity to a panel of 35 different HLA class II molecules. This panel was chosen to be
representative of the most common allelic variants in the general population at the HLA
class II DR, DP and DQ loci (41-43). This data is of relevance, as the quantitative binding
data to the various common HLA class II variants can be used to project the potential
coverage by the various epitopes in patient populations of different ethnicities (43, 45, 46).
The issue of restriction was addressed in experiments where the HLA class II restricting
locus was determined by antibody inhibition experiments. It was found that about a third of
the epitopes were restricted by multiple loci. Furthermore, we estimate that at least 60% of
the remaining epitopes are restricted by multiple allelic variants at a given locus. These
results are not unexpected, given the fact that predicted promiscuous binding was utilized as
a selection criterion for identifying candidate epitopes. Nonetheless, these observations
underline the relevance of promiscuous epitope recognition in the context of HLA class II
allergen-specific T cell responses.

A notable result of our side-by-side survey is that the identified epitopes account for a
variable fraction of the response to a given allergen source, and that this fraction further
correlates with how many different allergenic proteins have been described for that source.
Thus, this data suggests that, at the T cell level, allergic responses target a relatively large
number of antigens. Future experiments will have to address whether this observation may
reflect the existence, for the allergen sources where only one or few specific sequences have
been reported, of additional allergens recognized by IgE, and not yet identified.
Alternatively, this may also reflect an incomplete overlap between the targets of T cell and
IgE responses.

While some studies show a correlation between IL-5 levels and IgE (47), other studies do
not (48). Thus, IgE or wheal responses may or may not be related to Th2 (i.e. IL-5)
responses, and in our study these appear to depend upon the allergen studied. We also
observed that different allergen sources appear to elicit patterns of responses that are
differentially polarized in terms of their Th1/Th2 balance, at least as judged by IL-5 (Th2) or
IFN-γ (Th1) production. Strikingly, even within an individual donor, responses to different
allergens could be differentially polarized, with responses to one allergen dominated by Th1
responses, and to a different allergen dominated by Th2 responses. A similar phenomenon
was observed with different allergenic proteins in the Timothy Grass system (11) following
restimulation with pollen extract. A comparison of the LPS content of the various extracts
used with the associated Th1/Th2 balances revealed no correlation, suggesting that the
differential polarization observed is antigen specific, and not due to differential LPS content
in the various extracts. The molecular basis for this effect is presently unknown, and might
reflect differences in the relative concentrations and accessibility of the different allergens in
the pollen and extract, their processing and presentation, and potentially the presence of
distinct co-stimulatory signals associated with each allergen. The study of this mechanism
might suggest avenues to influence or alter the lymphokine balance of Th responses, and
thus potentially the outcome of responses in terms of IgE titers.
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The epitopes identified herein might be of use in several respects. First, we expect that they
might be used to characterize T cell responses associated with allergic reactions, including
characterization of changes in responding T cell phenotype/T cell plasticity as a function of
seasonality, as a result of SIT treatment, or as a function of varying disease severity (asthma
versus rhinitis). Secondly, it is possible to speculate that T cell epitopes might be used to
develop immunotherapeutic SIT treatments that could target T cell responses without the
risks connected to administration of whole allergens capable of binding IgE, and that thus
pose potential safety risks. Further studies could investigate the use of the epitopes identified
in the present study in animal models sensitized to the various allergens. The use of HLA
class II transgenic mice could overcome the different epitope repertoire of murine (H-2)
versus human (HLA) class II molecules. Finally, the epitopes identified herein could be
utilized for the generation of tetrameric reagents, useful for detailed characterization of the
associated immune response. However, the generation of tetramers specific for the various
epitopes poses several challenges. In general, HLA class II tetramers have been more
difficult to produce than their human class l counterparts. This obstacle is further
compounded by the fact that the dominant epitopes identified here appear to be promiscuous
and would, in that respect, require generation of multiple tetrameric staining reagents. In this
light, it seems that either experimental techniques based on pools of epitopes followed by
intracellular cytokine staining, or staining with multiple tetramers (49, 50) would be
desirable. Our laboratory is currently investigating these two alternative options.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IFN-γ and IL-5 responses are optimally detected on day 14
IFN-γ and IL-5 responses to Rye Grass or Alternaria extract, in three correspondingly
allergic donors each, were measured in ELISPOT assays on days 0, 3, 6, 14 and 17. The
doses of individual extracts used for in vitro stimulation were chosen on the basis of initial
dose titration experiments, and were as shown in Supplemental Table 2.
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Figure 2. Comparison of day 6 and day 14 epitope repertoires
The pattern of Alternaria epitopes identified on days 6 and 14 in two representative donors
(D00095 and D00107) were compared. IL-5 or IFN-γ ELISPOT assays were performed,
and positive responses defined, as described in the Material and Methods. In terms of IL-5
responses in donor D00095, only peptide 14 was recognized on day 6; by day 14, peptides
11, 13, 14, 15, 16 and 17 were all positive. Similarly, in donor D00107 peptides 14 and 66
gave positive responses on days 6 and 14, while peptides 11, 12, 13, 15, 16, and 17 only
gave responses on day 14. For IFN-γ, in both donors positive responses were only seen on
day 14.
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Figure 3. Comparison of allergen epitope induced IL-4, -5 and -13 responses
An analysis of IL-4, IL-5 and IL-13 producing cells in representative donors in response to
Alternaria and Rye Grass peptides. Responses to IL-4, -5 and -13 were measured in
ELISPOT assays on day 14, as described in the Materials and Methods. In donor U00064
Alternaria peptides 11, 13, 14, 15, 16, and 17 induced IL-5, IL-4 and IL-13 responses.
Additionally, IL-5 responses were induced by peptides 12, 66, 67, 68 and 70. Together,
these data show that all epitopes inducing IL-4 and IL-13 responses also induced IL-5
responses. A similar pattern was noted in donor U00099 in response to Rye Grass peptides,
where peptides 1168, 1175, 1181 and 1184 all induced IL-5 responses, and the same
peptides encompassed all IL-4 and IL-13 responses.
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Figure 4. Promiscuous HLA binding capacity of dominant epitopes
Individual 15-mer epitopes (n=96) from the 74 epitope regions derived from the 16 allergen
sources where peptide specific responses could account for 15% or more of the responses
detected with the extract, and that were recognized in two or more donors, were tested for
their capacity to bind a panel of 35 different DR, DP and DQ molecules. The cumulative
percent of epitopes (black line) binding various fractions of the class II panel is shown. 73%
of the epitopes bound 50% or more of the molecules tested with an affinity of 1000 nM, or
better. Also shown is the cumulative percentage of peptides in a control panel of 425
unbiased, non-redundant, peptides binding various fractions of the same class II panel; only
17% of the control peptides bound 50% or more of the molecules tested.
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Figure 5. T cell responses to different allergen sources are differentially polarized
Percentage of the total response to the various allergen sources attributable to IL-5 or IFN-γ,
representative of Th2 and Th1 responses, respectively, are shown as a bar graph. Median
wheal size (mm in diameter) measured in correspondingly allergic donors are plotted on the
secondary axis.
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Figure 6. Polarized T cell responses to different allergens within an individual donor
IFNγ (black bars) and IL-5 (gray bars) responses, associated with Th1 and Th2 polarization,
respectively, in donor D00069. As described in the text, the T cell response, in terms of total
SFC, to Aln g was associated only with only IFN-γ production, while the response to Alt a
was only mediated by IL-5, highlighting the polarization of the responses to epitopes
derived from Alder (Aln g) and Alternaria Rot Fungus (Alt a).
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