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ABSTRACT

Background: Ragweed is a major cause of seasonal allergy, affecting millions of people
worldwide. Several allergens have been defined based on IgE reactivity, but their relative
immunogenicity in terms of T cell responses has not been studied.

Objective: We comprehensively characterized T cell responses from atopic, ragweed-allergic
subjects to Amba 1, Amba3, Amba4, Amba5, Amb a6, Amb a8, Amba9, Amba 10, Amb
a 11, and Amb p 5, and examined their correlation with serological reactivity and sequence
conservation in other allergens.

Methods: Peripheral blood mononuclear cells (PBMCs) from donors positive for IgE toward
ragweed extracts after in vitro expansion for secretion of IL-5 (a representative Th2 cytokine)
and IFNy (Thl) in response to a panel of overlapping peptides spanning the above listed
allergens.

Results: Three previously identified dominant T cell epitopes (Amb a 1 176-191, 200-215, and
344-359) were confirmed and three novel dominant epitopes (Amb a 1 280-295, 304-319, and
320-335) were identified. Amb a 1, the dominant IgE allergen, was also the dominant T cell
allergen, but dominance patterns for T cell and IgE responses for the other ragweed allergens did
not correlate. Dominance for T cell responses correlated with conservation of ragweed epitopes
with sequences of other well-known allergens.

Conclusion and clinical relevance: These results provide the first assessment of the hierarchy
of T cell reactivity in ragweed allergens, which is distinct from that observed for IgE reactivity
and influenced by T cell epitope sequence conservation. The results suggest that ragweed

allergens associated with lesser IgE reactivity and significant T cell reactivity may be targeted
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for T cell immunotherapy, and further support the development of immunotherapies against

epitopes conserved across species to generate broad reactivity against many common allergens.

INTRODUCTION

Ragweed pollen, one of the most frequent inhaled outdoor allergens worldwide and a
potent inducer of seasonal asthma and rhinitis, is widely distributed throughout North America,
including most of the United States and Canada [1]. Ragweed is also found in Europe, with the
highest levels present in Italy, France, Croatia, and Hungary [2, 3]. Its spread and pollen release
are dependent upon climate [4, 5]. Major allergens in ragweed are associated with several
species of the Artemisia genus. Ambrosia artemisiifolia (Amb a; common ragweed) is the
species most prevalently associated with ragweed allergies and is allergenic at very low pollen
concentrations [5]. To date, 14 Amb allergens have been described. The Amb a 1 allergen has
been described as particularly dominant; up to 97% of allergic subjects test positive for IgE to
this allergen [6-8] while the other Amb allergens are associated with lower levels of IgE
reactivity [7, 9-12].

In contrast to the relatively large amount of data available in terms of serological
reactivity, surprisingly little is known regarding T cell reactivity to ragweed allergens. Previous
studies have described three main Amb a 1 T cell epitopes [13]. However, the study was limited
to only epitopes of the Amb a 1.3 isoform, one of twelve Amb a 1 isoforms, and the epitope
identification screen utilized proliferation assays and peptides of 12 residues in size. As the most
common size of class II epitopes is 13-15 amino acids, some epitopes may have been missed. A

single T cell epitope has been described for Amb a 3 [14] and three for Amb t 5 [15].
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As mentioned, the available data indicates that Amb a 1 is dominant in terms of IgE
titers, but no data is available in terms of the relative levels of T cell reactivity of Amb a 1 and
other Amb allergens. Several recent studies have shown that T cell and IgE reactivity only
loosely correlate, and the most dominant allergens at the level of T cell reactivity are not
necessarily predictable on the basis of IgE reactivity [15-17]. To be able to consistently predict
which allergens are dominant for T cell responses would be of interest in the context of the
development of immunotherapeutic regimens, since modulation of T cell responses in AIT has
been demonstrated and may indicate successful AIT [18-20].

The molecular basis for immunodominance at either the T cell or IgE level is not clear,
but several hypotheses have been proposed, including interaction with innate immunity
pathways [21] and release patterns from pollen particles [17]. No consistent biological function
is associated with allergenicity in general [22, 23]. Similarly, ragweed allergens are associated
with diverse biological functions. Amb a 1 is a pectate lyase, while other allergens are
plastocyanins (Amb a 3, Amb a 7), actin-binding (Amb a 8, Amb t 8) or calcium-binding
proteins (Amb a 9, Amb a 10), cysteine proteases (Amb a 11), defensins (Amb a 4), and
function in lipid transfer (Amb a 6).

Another recent hypothesis hinges on the observation that T cell responses are influenced
by sequence variation and conservation [24-26]. Furthermore, data from our laboratory
indicates that conservation amongst other allergens is important in determining allergenicity,
and sequence conservation in several related allergen sequences seems to increase
immunogenic potential [27]. As mentioned, the Amb a 1 allergen exists in several different
isoforms [22, 23], yet only a few have thus far been analyzed at the level of T cell specificity.

Other ragweed species such as Ambrosia psilostachya (Amb p; western ragweed) and Ambrosia
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trifida (Amb t; giant ragweed) are also associated with allergic reactions; extensive cross-
reactivity exists between Amb a allergens and those encoded by other species such as mugwort
and cypress [1, 8, 28].

Thus, a comprehensive characterization of the epitopes recognized by human T cells in
the context of ragweed allergy is still lacking. The precise definition and exact mapping of the
epitopes involved, antigens of origin, patterns of associated T helper cell responses and
potential impact of sequence conservation would contribute to a better understanding of
pathogenic immune responses and the mechanisms associated with immunodominance in
allergen responses. Accordingly, in the present study we undertook a comprehensive analysis

of the T cell response to Amb a ragweed allergens.

METHODS
Study population

Ethical approval for this study was obtained from the LJI institutional review board
(protocol number VD-112-0216). PBMCs and plasma were obtained from blood donors from
San Diego, CA and Dallas, TX. Both common and western ragweed-specific IgE titers, as well
as those against other common plant allergens (see Supplemental Table 2) were determined
from plasma using the ImmunoCAP system (Thermo Fisher, Uppsala, Sweden). Those with
IgE titers of 0.35 kUA/L or more were considered to have an atopic background and were
therefore included, yielding a cohort of 25 donors (21 from San Diego and 4 from Dallas). In
this group, 13 were female, 8 male, and 4 did not include gender information because of
anonymous donors (52%, 32%, 16%), and the average age was 37 years (range, 18-62). The

donors were 85% Caucasian and 15% Hispanic or Latino. Serum IgE specific for ragweed
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pollen extracts was 2.3 kU/L (median), with a range of 0.55 to 59.9 kUA/L (Supplemental
Table 1). PBMCs were isolated from whole blood by density gradient centrifugation according

to manufacturers’ instructions (Ficoll-Hypaque, Amersham Biosciences, Uppsala, Sweden).

Selection of peptides from ragweed allergen sequences

Sequences of all known Amb a and Amb p isoforms were obtained from the WHO/IUIS
Allergen Nomenclature database (www.allergen.org) [22]. Sets of peptides of 16 amino acids
in length, overlapping by 8 residues, were generated to cover the entire allergen protein
sequences. As Amb a 1 is comprised of 12 known isoforms, all peptides existing in the 1.0101
1soform were synthesized. Overall, a total of 279 peptides were assembled in 47 pools of 10

peptides, on average, and screened for their immunogenicity.

Peptide synthesis
Peptides were purchased from A and A (San Diego, CA) as crude material on a small (1
mg) scale. Individual peptides were resuspended in DMSO at a final concentration of 0.25%

(v/v) DMSO (corresponding to the percentage of DMSO in the pools/peptides) as a control.

Stimulation and expansion of ragweed-specific T cells

For in vitro expansion of ragweed-specific T cells, PBMCs of ragweed-sensitized
individuals were stimulated with a 1:1 mixture of common (ALK-Abello A/S, Horsholm,
Denmark) and western (Greer, Lenoir, NC) ragweed extracts at 2 pg/mL. Cells were cultured in
RPMI 1640 supplemented with 5% human AB serum in 24 well plates (BD Biosciences, San

Diego, CA) at a density of 2 x 10%ml and incubated at 37 °C. IL-2 (10 U/mL, Ebioscience, San
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Diego, USA) was added every 3 days after initial stimulation. Cells were harvested on day 14

and screened for IFNy and IL-5 production by ELISPOT.

Dual ELISPOT assays

The production of IFNy and IL-5 from cultured PBMCs in response to antigenic
stimulation was assessed by dual ELISPOT assays as described previously [29]. Flat-bottom
96-well plates were coated with 5 pg/mL of both anti-human IFNy (Clone 1-D1K; Mabtech,
Cincinnati, OH) and anti-human IL-5 (clone TRFKS5; Mabtech). Cells were then incubated at a
density of 1 x 10° cells/well with either peptide pools (5 pg/mL), individual peptides (10
pg/mL), or common and western ragweed extracts (2 pg/mL each), PHA (10 pg/mL), or
medium containing 0.25% (v/v) DMSO (corresponding to the percentage of DMSO in the
pools/peptides) as a control. Spot-forming cells (SFC) were counted by computer-assisted
image analysis (KS-ELISPOT reader, Zeiss, Munich, Germany). Each assay was performed in
triplicate. Student’s t-test, using the mean of triplicate values of the response against the
extract, pool, or individual peptides when compared to the response against medium control,
was applied to calculate statistical significance. As previously described, criteria for positivity
were 20 SFCs per 10° PBMC s, P <0.05, and a stimulation index >2 [30]. Positive pools were
deconvoluted to identify the individual epitopes inducing the response. Peptide pools that were
associated with positive responses on a given day were deconvoluted on the following day(s)
by individually testing each peptide contained in the pool and determining which were
associated with a positive response. Whenever possible the same cell cultures used to test the
peptide pools were used to test the individual peptides. Rarely, if not enough cells were

available, peptide pools were deconvoluted utilizing cells from additional frozen aliquots.
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HLA typing and restriction

HLA typing for Class I (HLA A, B, and C) and Class II (DQA1; DQBI1, DRBI, 3, 4, 5;
DPB1) was performed by a Ilaboratory accredited by the American Society for
Histocompatibility and Immunogenetics at Murdoch University (Western Australia) using
locus-specific PCR amplification on genomic DNA. The assay was adapted from previously
published protocol for barcoded PCR with modifications to the primer sequences [31]. Briefly,
11 amplifications per sample were set up with primers for a given patient sample tailed with a
specific barcode tag sequence. Amplified products were quantitated, normalized and pooled by
subject and up to 48 subjects were pooled. The pooled and normalised PCR reactions were
purified using Agencourt AMPure XP beads (Beckman Coulter). Samples were prepared for
sequencing on either a FLX 454 or Illumina MiSeq using the manufacturer’s standard library
preparation protocol. Libraries were quantified using Kapa universal QPCR library
quantification kits (Kapa Biosystems). Sequencing was performed using either a Roche 454
FLX+ sequencer with titanium chemistry (Roche) or an Illumina MiSeq using a 2 x 300 paired-
end chemistry kit (Illumina). Reads were quality-filtered and passed through a proprietary
allele calling algorithm and analysis pipeline using the latest IMGT HLA allele database as a
reference [32]. Potential HLA-epitope restriction odds ratios and relative frequencies were

calculated using the RATE program [33].

Transcriptome homology analysis
Conservation of each synthesized Amb peptide was calculated against the proteomes of
10 additional pollens (Pla p, Phl p, Ant o, Lol p, Poa p, Cyn d, Bet v, Fra e, Ole e, and Que e).

Putative transcriptomes of these ten pollen species were obtained by transcriptomes as
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described earlier [27, 34]. Briefly, RNA was isolated from pollen and sequenced on a HiSeq
2500 Sequencer (Illumina, San Diego, CA). After processing, the reads were assembled de
novo into transcripts using Trinity (r2012-10-05). The ten pollens in our study were selected
based on the availability of de novo (without a reference genome) transcriptome assemblies.
Based on these transcriptome assemblies, ORFs in all 6 reading frames that were long enough
to encode at least 15 amino acids were included to form the putative proteome for each species.
All ORFs in all 6 reading frames that were 15 aa or longer were included in the proteome for
each species. In addition, all known allergen sequences from each of these species were
retrieved from the IUIS database [22]. Using an in-house script, each Amb peptide was
compared against all possible peptides in each proteome for its maximal sequence identity. All
allergen peptides with one or two substitutions compared to the Amb peptides were recorded,
and the peptide with the lowest number of substitutions was retained as the best match. A p
value for the difference in average peptide conservation among the two Amb allergen groups
(reactive and nonreactive) was obtained using a two-sided Student’s t test. P values for
conservation among the three groups of peptides (non, weak, and dominant epitopes) across
transcriptomes were obtained using a Mann-Whitney test, followed by Benjamini-Hochberg

adjustment for multiple testing.

RESULTS
Overall T cell and IgE reactivity to ragweed extract in sensitized donors

To assess T cell responses, we used a strategy previously utilized to study various
common allergens including timothy grass, house dust mite and cockroach allergens [15, 34-

36]. PBMCs from each donor were stimulated in vitro with a mixture of common and western
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ragweed extract. After 14 days, the extract mixture was tested using ELISPOT assays for its
capacity to elicit IFNy and/or IL-5 responses. IL-5 and IFNy were chosen as representative of
Th2 and Thl cytokines, respectively. Vigorous responses to the ragweed extracts used as
positive control were detected in 23/25 donors. Total IL-5 and IFNy responses are summarized
in Supplemental Table 1.

Plasma from the same donors was also assayed for reactivity to a panel of eleven grass
and tree allergens (Supplemental Table 2). The percentage of these pollens to which each
donor displayed IgE reactivity (polysensitization) is shown for each donor in Supplemental
Table 1. No significant correlation between overall response magnitude to ragweed extract and

degree of polysensitization was detected (data not shown).

Breadth and immunodominance of T cell responses to Amb a 1 allergen

Next, we characterized T cell reactivity of the donor panel to the Amb a 1 allergen at
the epitope level. A panel of 16-mer peptides, overlapping by 8 residues and spanning the Amb
a 1 sequence, was generated; in instances where more than one isoform sequence was
identified, the most frequent isoform was considered. These peptides were assembled in pools
of 10, on average, and screened for their T cell-activating capacity in IFNy and IL-5 ELISPOT
assays; cells were first stimulated for 14 days with ragweed extract. Next, positive pools were
deconvoluted to identify individual epitopes eliciting responses. The average and individual
reactivity (SFC) to each peptide detected in the course of these experiments is shown in Figure

1.
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Average reactivity at an arbitrary threshold of 100 SFCs (where IFNy and IL-5-positive
spots were added together) or more was detected for 6 peptides (Amb a 1 177-192, 201-216,
281-296, 305-320, 321-336, and 345-360). Three of these peptides roughly correspond to three
dominant epitopes reported by Jahn-Schmid and coworkers (Amb a 1 178-189, 199-216, and
343-357) and three additional epitopes, Amb a 1 281-296, 305-320, and 321-336, represent
novel epitopes [13]. The corresponding overall frequency of donor recognition of each peptide,
shown in Supplemental Figure 1, reveals a hierarchy of immunodominance similar to but
clearly distinct from the one observed for response magnitude. More specifically, two of the
three Amb a 1 peptides recognized in 15% or more of the donors were also recognized with

magnitude above 100 SFC.

Reactivity against other Amb a and Amb p allergens

In parallel, to determine whether Amb a 1 is dominant not only for IgE responses but
also T cell responses, we assayed in the same donors and cultures reactivity to similar panels of
peptides spanning the Amb a 3, Amb a 4, Amb a 5, Amb a 6, Amb a 8§, Amb a 9, Amb a 10,
Amb a 11, and Amb p 5 allergens. Amb p 5 was included because it is frequently described in
the literature and therefore of potential relevance.

The pattern of reactivity detected is also shown in Figure 1, which depicts the average
total SFC detected for each peptide from each antigen. Reactivity above 100 SFC per 10° cells
was detected for the three allergens Amb a 1, Amb a 8, and Amb a 10. Low-level reactivity
against several peptides was detected in the case of the Amb p 5, Amb a 9, and Amb a 11
allergens. Strikingly, we found that Amb a 3, Amb a 4 and Amb a 6 were totally nonreactive

(data not shown). The reactivity to each peptide tested can be found in the Immune Epitope
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Database (submission ID in progress; www.iedb.org). The corresponding overall frequencies of
donor recognition are also shown in Supplemental Figure 1. As seen for Amb a 1, analysis of
response frequencies reveals a hierarchy of immunodominance similar to the one observed for
response magnitude. That is, the only Amb a 8 and Amb a 10 peptides recognized in 15% or
more of the donors corresponded to the only peptides for each antigen recognized at a

magnitude above 100 SFC.

Relationship between T cell reactivity and previously reported IgE reactivity

The above results indicate that Amb a 1 is dominant for both IgE and T cell responses. To
further examine the correlation between IgE reactivity and T cell reactivity, we tabulated the
total T cell reactivity detected against the various allergens (defined as the sum of SFC for all
donors and all peptides for each allergen tested in Figure 1; Table 1). At the same time, we also
tabulated IgE reactivity from published reports [7, 9-12, 37].

Three out of the four antigens that elicit the greatest T cell reactivity (Amb a 1, Amb a 8
and Amb a 11) are among the four most IgE-reactive allergens. Interestingly, Amb a 3, despite
being associated with IgE reactivity in many donors, is not recognized by T cells, while Amb a
10, despite being recognized by T cells, was infrequently IgE-reactive. Although IgE reactivity
to Amb a 6 has previously been observed in 21% of patients, it was not recognized by T cells.
Amb a 4 was nonreactive for both T cells and IgE. This trend towards a correlation between IgE
and T cell reactivity was not statistically significant, with a Spearman rho value of 0.42 and a

two-tailed p value of 0.25.
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T cell reactivity of Amb isoform sequence variants

As mentioned above, we synthesized and tested all sequences found in at least 25% of
the isoforms retrieved from public databases, corresponding to a total of 104 peptides and 49
sets of two or more isoform sequences. When these sequences were tested, we found that most
were either uniformly negative, in that none of the isoform sequences was positive in any
donor, or associated with relatively weak responses. Table 2 shows the seven pairs of isoform
sequences where at least one of the isoforms was recognized with an average of > 100 SFC,
along with their relative frequency and pattern of reactivity.

In general, the reactivity of these epitopes was not greatly affected by sequence
variation associated with isoform variants. In 6 of the 7 pairs, the reactivity of the different
1soforms varied within a two-fold range. No consistent relationship between relative frequency

and frequency of response was apparent (data not shown).

Immunodominance and polarization in Amb epitope responses

Relatively few epitope regions accounted for a large fraction of the total response.
Table 3 lists the main antigenic epitope regions defined for each allergen, including any region
accounting for 1% or more of the total reactivity to the corresponding antigen. For each epitope
the percentage of donors responding is tabulated, along with the percentage of the average SFC
response accounted for by each epitope. In summary, 17 epitopes are sufficient to account for
90% or more of the reactivity to the Amb antigens tested.

Next, polarization of Th responses was determined from the above ELISPOT results. As
expected, because of the atopic status of the donors, Th2 responses dominated Thl responses.

As shown in Figure 2, regardless of the allergen, a similar pattern of IL-5 dominance was
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observed. Further analysis of responses to each of the main antigenic regions revealed similar

patterns of polarization regardless of the antigenic region considered (see Table 3).

Inferred HLA restriction of dominant epitopes

A previous report described several Amb a 1 epitopes with a rather heterogeneous set of
HLA restrictions [13]. That is, while DR-restricted responses were the most prevalent, DQ and
DP restrictions were also identified, and some epitopes were also restricted by multiple loci. A
similar pattern of restriction was reported in the context of responses to timothy grass (TG; Phl
p allergens) [29]. Here, to identify potential HLA restrictions, and to facilitate the design and
use of HLA tetramers, we used the RATE program [33] to calculate the relative frequency and
significance of association between all the epitopes/regions and HLA alleles (or combinations
thereof) expressed in responding donors.

A detailed account of the results of the RATE analysis is shown in Supplemental
Table 3, which gives the number of donors that responded (R+) or did not respond (R-) to a
given peptide, and expressed (A+) or did not express the given HLA(s) (A-). For example, the
Amb a 1 161 epitope has 100% of the responders express the HLA molecules DRB1*08:01,
DRB1%#03:01, and DRB1*08:03, while only 3/18 (17%) of the non-responders express the same
HLAs (p=0.015).

This analysis allowed inference of potential restrictions for a majority (11/17) of the
main epitopes, while for the remaining six no significant HLA association was detected. These
inferred epitope-HLA restrictions are listed in Table 3. Of the eleven cases where restrictions
could be inferred, eight were promiscuous, i.e. the epitope is inferred to be potentially restricted

by multiple HLAs, thus confirming and extending the previous results [9, 23].
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Ragweed allergens differ in the degree of conservation across other allergen species

Conservation amongst other allergens is important in determining allergenicity [24] and
earlier reports have demonstrated cross-reactivity at the cellular and serological level between
ragweed and mugwort epitopes [1, 28]. Here we compared the Amb peptides to the proteomes
of 10 additional relatively unrelated common allergens.

A peptide was considered to be conserved if it was present in the proteome of another
allergen’s sequence with two or fewer substitutions (87.5% sequence identity). Table 4
indicates, for each allergen species, the percentage of synthesized Amb peptides that are
conserved. Amb a 8, followed by Amb a 9 and Amb a 1, were the most highly conserved. This
would indicate a trend or correlation with the pattern of dominance for T cell responses, which

showed that Amb a 1 and Amb a 8 were the most dominant T cell allergens.

Ragweed epitope conservation across other allergen species

We next undertook a computational analysis assessing conservation of the sequences
corresponding to dominant T cell epitopes in the transcriptome of the other allergens.
Specifically, we examined the relationship between the average number of responders, defined
as the average number of individuals with a positive IL-5 or IFNy response (as described in the
Methods section on dual ELISPOT assays), and the number of species in which the peptide was
conserved. Figure 3a shows a positive correlation between these two variables, further
supporting the hypothesis that sequence conservation can be associated with increased T cell

allergenicity.
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Next, we classified the Amb peptides tested in this study as non-epitopes (never
recognized in any donor), weak epitopes (recognized in one or two donors), or dominant epitopes
(recognized in three or more donors, corresponding to the epitopes from Table 3) (classification
of each peptide is in Supplemental Table 4). Figure 3b shows that weak and dominant
epitopes, on average, tend to be more conserved in the proteomes of more allergen species than
non-epitopes. Removing weak epitopes from the comparison, the difference in conservation
across allergen species between non-epitopes (median=1) and dominant epitopes (median=3)
achieves statistical significance with a Benjamini-Hochberg-adjusted P value of 0.002 by a
Mann-Whitney test.

To examine whether the degree of allergen conservation correlated with T cell reactivity
(Table 1), we again used the Spearman rho test. We found that allergen conservation
significantly correlated with T cell reactivity with an R value of 0.82 and a two-tailed p value of
0.007 (Figure 4). Thus, we conclude that allergen conservation is more strongly correlated than

IgE reactivity with immunodominance for ragweed-specific T cell responses.

DISCUSSION

In the present study, we investigated patterns of immunodominance in T cell
recognition to several ragweed allergens. For the first time we compared side-by-side the
reactivity of human T cells to various ragweed allergens, and compared T cell reactivity to the
known prevalence of IgE responses against the same allergens. We further mapped T cell
epitopes, assigned inferred restriction elements, and characterized the Th1/Th2 balance in T

cell responses directed against the different epitopes. Finally, we assessed the impact of
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sequence variation by analyzing reactivity against common isoforms and epitope conservation
in the transcriptome of several common allergens.

Our data demonstrate that Amb a 1 dominates not only IgE reactivity, but also T cell
reactivity. This suggests that approaches aimed at desensitizing T cell responses utilizing
peptide epitopes derived from Amb a 1 might be particularly desirable, since this antigen
accounts for a majority of T cell responses. Further, the use of peptide epitopes would be less
likely than whole Amb a 1 antigen to lead to adverse reactions caused by IgE binding. At the
molecular level, it is still unclear why the allergen repertoire of ragweed is remarkably narrow
in terms of the number of different epitopes required to account for a majority of the T cell
responses. In the case of a recent analysis of cockroach epitopes, for example, a total of 90% of
the responses was encompassed by the top 164 epitopes [36]. Remarkably, in the present study,
a number of as few as 17 ragweed epitopes accounted for 90% of the overall T cell response.
One speculative hypothesis is that this difference is due to exposure patterns or kinetics of
release of proteins from the allergen particle.

While Amb a 1 is dominant for both T cell and IgE responses, overall there is no
statistically significant correlation between dominance patterns for T cell and IgE responses.
This is consistent with what has been observed in other allergen sources, namely cockroach and
timothy grass [15, 29].

In terms of the specific epitopes recognized within the Amb a 1 allergen, our data
confirm recognition of three epitopes identified as dominant in a previous study utilizing
proliferation assays and 12-mer peptides. The definition of immune dominance at the epitope
level is based on which peptides are most frequently/vigorously recognized in the subjects

studied. Here, utilizing more sensitive assays, and peptides that more closely comport with
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optimal HLA class II ligand sizes, we describe three additional epitopes associated with similar
levels of reactivity that were not previously described as immunodominant. This result highlights
the need to utilize longer peptides in epitope identification screens. At the same time the use of
ELISPOT cytokine assays allowed confirmation that the Th2 phenotype dominates over Thl in
the ragweed-specific responses. In the current study, we measured IL-5 as a representative Th2
cytokine. In other studies where the issue was addressed it was found that the same
immunodominant allergy peptides do stimulate IL-4, IL-5 and IL-13 [15]. In two recently
published studies, we measured 1L-17 and IL-10 in addition to IFNy and IL-5, but found that the
contribution of those two cytokines to overall responses was very modest [35, 36]. Accordingly,
these two cytokines were not measured in this study.

Further, the use of the RATE approach allowed inference of restriction elements for
several of the more dominant epitopes. These data will be of use in the production of tetrameric
staining reagents to be used in future studies characterizing ragweed-specific T cell responses
in disease and immunotherapy contexts.

The immunodominant epitopes that were found in an earlier study were somewhat
different [13]. It is possible that differences in HLA type, or more likely, differences in patterns
of exposure between the USA and Europe, might play a role in the differences observed.

Our study also evaluated to what extent T cell reactivity is influenced by sequence
variation associated with different isoforms and conservation among different common
allergens. In general, we found that isoform-associated variation did not greatly impact T cell
recognition for the most dominant epitopes. In terms of conservation in different common
allergens, in good agreement with what was previously reported in timothy grass, epitopes

tended to be more conserved than non-epitopes. Indeed, we show that a statistically significant

This article is protected by copyright. All rights reserved.



correlation exists between dominance patterns for T cell responses and conservation of allergen
sequences. This observation suggests that allergen conservation could be of broad utility in
predicting T cell allergens.

A limitation of the current study is that plasma and PBMCs were obtained from donors
that had limited or no clinical characterization. Levels of specific IgE against ragweed and
other allergens therefore served as indicators of atopic background. While the present study
was not designed to monitor the relationship between T cell responses and clinical
manifestations, additional studies addressing these issues would be key to understanding
molecular mechanisms involved in the pathogenesis of ragweed allergy.

Vigorous responses to the ragweed extracts used as positive control were detected in
23/25 donors. This corresponds to a response rate of greater than 90%, and is in line with what
we routinely observe in extract stimulation assays. We do not have a clear explanation for this
phenomenon, but possibilities include low sensitization, problems with cell quality or culture
conditions, or potential in vitro toxicity of the extract preparations.

Our studies suggest that Amb a 8 (profilin) and Amb a 10 pan-allergens may be
promising for immunotherapy. Future studies may address whether they can be used to induce
broad tolerance via regulatory mechanisms when administered in an immunotherapy setting.

Our analysis further supports the notion that by focusing the response on a set of
broadly conserved epitopes, it might be possible to develop immunotherapeutic regimens with
broad activity against different common allergens. In particular, Amb a 8 and Amb a 10 might
represent reasonable candidates for inducing regulatory T cells, since they are recognized by T
cells but only marginally by IgE responses. The high degree of conservation of the Amb a 8

antigen across several pollen allergens supports the notion that this allergen could be of
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potential use of this allergen as a immunotherapeutic with broad activity against a number of

different pollen allergies.
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5000+ Amb a 1
4000
3000+ " . .
2000 " . -
L
1000 - .o, R o e
200 R
% 1754 . . =
g 1507 : :
1254 o - =
1“D—...-..............|..:...|............-.n....u..-............-....|......|-...........n......|.......-.........-..-.........-.......|.||......|....|.......|.|i..n
- - - -
;: = - - - ¥ . -
2 =
“"-+-rrrrrrrrrreTTTTTTTTTTTTTTTTTTTTT
R A S S ettt R F g I S S R S
Start position
j Amb a8 500+ Amb p 5
3
2 - 400~
1 i
% s * 2, 300
E 2 —_ -
g 17 . o
61 5 200
% -
T Y — 100 —— —— -
- o L e e : ol .
- - -— e e o e s o wb -
L] L L] L] L L L Ll L] L L L] L] L] L L] b-'
REA PR RSSO S R PO e B & P S R S &
Start position Start position
500 Amba® e Amb a 10
-
4001 2
1 ¥
L 3004 B
5 i}
G
% 2004 s I i
100 S 7 -
T T T T T T T T T T Ll L) ‘l L] _'l L] L) T L) _I L L) ‘I L) L] L L] ‘l L)
LI R S - N Y R A B RN R R R B
Start position Start position
5000+ Amb a 11
4000+
3000+
2000+ "
2, 10004 - . %
i}
200
& 17 s
1 .
l voillanyna,
- - L L - L]
L1 =
e Al S R R R e L e
Start position

Figure 1. Average SFC response (total SFC/number of donors tested, n = 25) to individual
16-mer peptides spanning Amb allergens. PBMCs from ragweed-sensitized individuals were

stimulated with ragweed extract and, after 14 days expansion with IL-2, production of IFNy
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and IL-5 was assessed by dual ELISPOT. A, average total SFC detected for each peptide from

each antigen; B, individual responses of each donor. The detection threshold was 20 SFC/ 10°.
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Figure 2. IL-5/IFNy balance for each Amb antigen. Pooled data from 25 donors are shown

as percentage of total antigen-specific response (SFC) attributable to IL-5 (black) and IFNy

(gray).
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Figure 3. T cell response correlates with epitope conservation. A. Proportion of donors with
T cell responses as a function of peptide conservation. Peptides were binned into 5 similarly
sized groups according to the number of pollens expressing a homolog. B. Epitopes are

significantly more conserved than non-epitopes across transcriptomes of common allergens.
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Figure 4. Correlation between T cell reactivity and allergen conservation rankings. Each of
the Amb allergens were ranked according to their T cell response (total IL-5 + IFNy SFC among
all donors) as well as their degree of conservation among all allergen species studied. A peptide
was considered to be conserved in a related species if a homolog was identified with 2 or fewer
mismatches. The mean conservation over all species examined is plotted here and reported in

Table 1.

Table 1. Allergens ranked by T cell response, IgE reactivity, and conservation. IgE response

values based on the literature [3-8].

T cell Mean %
response T cell IgE % IgE conserved Conservation
Allergen  (total SFC) rank response rank peptides rank
Amb a8 6,874 2 50% 4 61% 1
Amba9 300 5 0% 8 33% 2
Amba 1l 32,288 1 97% 1 30% 3
Amb a 10 5,918 3 10% 7 21% 4
Amball 5,571 4 66% 2 15% 5
Amb a3 0 6 51% 3 13% 6
Amb a5 0 6 17% 6 9% 7
Amb a4 0 6 0% 8 1% 8
Amb a6 0 6 21% 5 0% 9
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Table 2. Frequency and reactivity of isoform pairs having reactivity >100 SFC/10° PBMCs.

Allergen  Start Relative Sequence Responding  Mean
position frequency* donors SFC
Ambal 177 0.58 PGGMIKSNDGPPILRQ 12% 171
Ambal 177 0.08 PGGLIKSNDGPAAPRQ 8% 103
Ambal 201 0.58 VAGSSQIWIDHCSLSK 8% 114
Ambal 201 0.08 ISGSSQIWIDHCSLSK 24% 69
Ambal 281 0.58 FGFFQVVNNNYDRWGT 24% 237
Ambal 281 0.08 HGFFQVVNNNYDKWGS 24% 161
Ambal 305 0.42 PTILCQGNRFLAPDDQ 12% 166
Ambal 305 0.08 PTILSQGNRFCAPDER 20% 200
Ambal 321 0.42 IKKNVLARTGTGAAES 12% 225
Ambal 321 0.08 SKKNVLGRHGEAAAES 12% 181
Ambal 345 0.42 DKDLLENGAIFVTSGS 20% 100
Ambal 345 0.08 NKDVLENGAIFVASGV 24% 126
Amb a8 41 0.5 PEFKPDEINAIIKEFS 12% 175
Amb a8 41 0.5 PEFKPDEINAIIKEFD 8% 167

* Relative frequency indicates the frequency of that particular sequence within the sequences of

the 12 isoforms from the WHO/IUIS Allergen Nomenclature database (www.allergen.org).
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Table 3. Main antigenic T cell epitope regions of ragweed allergens

Start Responding Mean IL-5/ %e p
Allergen i Sequence IFNy Overall Significant HLA associations
position donors (%) SFC . value
ratio*  SFC
Amba 1 49 YNIIDGCWRGKADWAE 4 724 +++ 3.5% N/A -
Amba 1 113 QNRPLWIIFKNDMVIN 4 45.2 2.1 2.2% N/A -
DRB1*#03:01 & DRB1*#08:01 & 0.015
Amba 1 161 KNIITHNINIHDVKVL 12 38.2 14.2 1.8% DRB1*08:03 '
DRB1*#08:01 &
Amba l 177 PGGMIKSNDGPPILRQ 12 171.1 2.4 8.3% (DRB1*¥1501 or DRB5*01:01)  0.015
Amba 1 201 VAGSSQIWIDHCSLSK 8 1139 4.2 5.5% N/A -
Amba 1 265 FNMFTDNVDQRMPRCR 20 48.5 2.6 2.3% DRB1*03:01 & DRB1*04:05 0.021
DRB1*#08:02 & DRB1*#11:11 & 0.001
Amba 1 281 FGFFQVVNNNYDRWGT 24 236.5 5.0 11.4% DRB1*13:03 & DRB08:03 )
Amba 1 305 PTILCQGNRFLAPDDQ 12 166.2 4.5 8.0% DRB1*15:01 & DRB5*01:01 0.009
DRB1#11:01 & DRB1*11:11 &
Amba 1 321 IKKNVLARTGTGAAES 12 224.8 1.9 10.8% DRB1*#13:02 -
DRB1*11:04 & DRB1*%13:02 &
DQB1*#06:04 & (DRB1#04:04 or 0.028
Amba 1 345 DKDLLENGAIFVTSGS 20 99.6 5.2 4.8% DRB1*08:01 or DRB3*03:01)
Amb a 8 25 AIFGTDGAVWAKSGSF 8 67.7 2.9 3.2% DQB1*0301 0.04
Amb a 8 33 VWAKSGSFPEFKPDEI 4 49.0 9.0 2.4% N/A -
Amb a 8 41 PEFKPDEINAIIKEFD 16 167.2 183 8.1% DRB1*03:01 0.003
Amba 10 17 VTKIFNRFDTNGDGQI 16 224.3 3.1 10.8% DRB1*04:05 0.008
Amba 1l 153 GSCWAFAAVVALEGIN 4 334 4.3 1.6% N/A -
DRB1*04:04 & DRB1*#08:02 & 0.002.
Amba 11 201 AFTYVIKHGGIAPEAS 12 44.6 1.4 2.1% (DRB1*11:01 or DRB1*11:04) '
Amba 11 249 EALRKAVAHQPVATGI 4 62.5 9.9 3.0% N/A -

* +++ indicates that no IFNy was detected
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Table 4. Conservation of ragweed allergen peptides across phylogenetically distant plant
allergens. Numbers represent percentages.

No.of Amb Pla Phl Ant Lol Poa Cyn Bet Fra Ole Que Mean %
Allergen  peptides p p p 0 p p d v e e a_  conserved

Ambal 104 75 16 56 54 19 12 15 2 20 35 25 30
Amba3 12 25 33 0 25 0 0 0 25 33 0 13
Amba4 20 0 0 5 0 0 5 5 0 0 0 0

Amba$ 5 100 0 0 0 0 0 0 0 0 0 0 9
Ambab 14 0 0 0 0 0 0 0 0 0 0 0 0
Ambag 26 92 46 8 100 42 27 46 38 69 81 46 61
Amba9 13 100 15 23 100 15 0 0 0 15 77 15 33
Ambal0 19 100 0 5 95 0 0 5 5 5 5 5 21
Amball 48 100 0 0 40 0 0 4 4 4 17 0 15
Ambp5 18 100 0 0 0 0 0 0 0 0 0 0 9

Numbers given for each allergen species indicate the percentage of peptides conserved with the
Amb a allergen. A peptide was considered to be conserved in a related species if a homolog

was identified with 2 or fewer mismatches.
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