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Abstract
Background: Ragweed frequently causes seasonal allergies in North America and 
Europe. In the United States, several related ragweed species with diverse geo‐
graphical distribution cause allergic symptoms. Cross‐reactivity towards related rag‐
weed species of IgE and treatment‐induced IgG4 has been demonstrated previously. 
However, less is known about the underlying T‐cell cross‐reactivity.
Methods: The allergen content of ragweed extracts was determined by mass spec‐
trometry and related to T‐cell epitopes of Amb a allergens (group 1, 3, 4, 5, 8 and 11) 
in 20 American ragweed allergic patients determined by FluoroSpot and proliferation 
assays. T‐cell responses to 50 frequently recognized Amb a‐derived T‐cell epitopes 
and homologous peptides from western ragweed (Amb p), giant ragweed (Amb t) and 
mugwort (Art v) were investigated in an additional 11 American and 14 Slovakian 
ragweed allergic donors.
Results: Ragweed extracts contained all known allergens and isoallergens thereof. 
Donor T‐cell responses were diverse and directed against all Amb a 1 isoallergens 
and to most minor allergens investigated. Similar response patterns were seen in 
American and Slovakia donors. Several epitopes were cross‐reactive between isoal‐
lergens and ragweed species, some even including mugwort. T‐cell cross‐reactivity 
generally correlated with allergen sequence homology.
Conclusion: T‐cell epitopes of multiple allergens/isoallergens are involved in the di‐
verse T‐cell responses in ragweed allergic individuals. T‐cell lines were highly cross‐
reactive to epitopes of related ragweed species without any apparent geographical 
response bias. These data support that different ragweed species can be considered 
an allergen homology group with Amb a as the representative species regarding di‐
agnosis as well as allergy immunotherapy.
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1  | INTRODUCTION

Ragweed allergy represents a major health problem in North America 
as well as in central Europe, and the prevalence is increasing world‐
wide.1 The most widely distributed ragweed species in North America 
are short ragweed (Ambrosia artemisiifolia; Amb a), giant ragweed 
(Ambrosia trifida; Amb t) and western ragweed (Ambrosia psilostachya; 
Amb p), whereas Amb a dominates in Europe.2 Knowledge of the aller‐
gens involved and patterns of immunological cross‐reactivity towards 
pollen of different weed species is crucial for diagnostics and for selec‐
tion and formulation of allergy immunotherapy (AIT) vaccines.3 Amb a 
1 is the key major allergen in ragweed with IgE prevalence up to 95% 
reported in some studies. Five isoallergens have been described for 
Amb a 1 with sequence identity from 62% to 87%.4 Nine other Amb 
a allergens have been identified so far with IgE prevalence in the 
10%‐30% range for Amb a group 5, 6, 7, 9 and 10 allergens and around 
40%‐60% for group 3, 4, 85 and 11.6 The presence of homologous al‐
lergens in different ragweed species leads to extensive IgE cross‐reac‐
tivity between Amb a, p and t pollen extracts. This was demonstrated 
in US ragweed allergic patients participating in a trial addressing the 
clinical effect of ragweed SLIT‐tablet AIT,7 and the IgE cross‐reactiv‐
ity was even extended to seven less widespread ragweed species. 
Further, sublingual AIT with a single ragweed species (Amb a) induced 
IgG4 antibodies fully cross‐reactive with Amb p and Amb t extracts.

7 
Regarding T cells, more than 20 Amb a 1 T‐cell epitopes including 3 
"dominant" epitope areas has been reported8,9 including examples 
of T‐cell cross‐reactivity between Amb a 1 isoforms.10 However, lit‐
tle is known about T‐cell cross‐reactivity between different species of 
ragweed.

It appears reasonable to assume that recognition of specific T‐ 
and B‐cell epitopes plays a key role in mediating clinical effect of AIT. 
It is generally accepted that AIT performed with allergen extracts 
causes changes to the allergen‐specific immune response involving 
induction of blocking non‐IgE antibodies as well as shifting the bal‐
ance between Th1/Th2 and regulatory B and T cells.11 Regarding 
clinical cross‐reactivity or cross‐protection, allergen extract from 
a single grass species (Phleum prasense),12-14 a single ragweed spe‐
cies (Ambrosia artemisiifolia)15-19 or a single tree species (Betula ver-
rucosa)20 administered sublingually is clinically effective in areas 
where patients are exposed to multiple grass species, where patients 
are exposed to several related ragweed species or when patients 
are exposed to pollen of either birch or white oak, respectively. In 
contrast, cross‐protection is not observed between unrelated aller‐
gen sources such as ragweed/grass21 or grass/birch.22 Thus, within 
closely related species, known as homologous allergen groups,23 
immunological cross‐reactivity is an important factor in causing not 
only allergic symptoms but also in securing clinical benefit of AIT.

The aim of the current study was to investigate to what extend 
T cells in individual ragweed allergic patients from Texas, USA (US), 
and Slovakia (SK) are cross‐reactive towards homologous allergens 
from related weed species and to correlate T‐cell responses to IgE 
sensitization and allergen sequence homology.

2  | METHODS

Essential information is included in this section, and further details 
can be found in the online repository Appendix S1.

G R A P H I C A L  A B S T R A C T
T‐cell epitopes of multiple major and minor ragweed allergens/isoallergens are involved in the diverse T‐cell responses in ragweed allergic 
individuals. The T‐cells cross‐react to epitopes of related ragweed species and the same epitopes are important for American and European 
individuals. Extensive T‐cell and IgE cross‐reactivity support that related ragweed species can be considered an Amb a allergen homology 
group regarding diagnosis and immunotherapy treatment.
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2.1 | Donors

20 US donors were used for the initial epitope mapping, and 11 
US and 14 SK donors were used for investigation of responses to 
selected T‐cell epitopes and homologous peptides. Conclusive T‐
cell responses were obtained for 31 US and 14 SK donors (Amb a 
IgE > 0.6 kU/L, ImmunoCAP), and the data were used to investigate 
linkage between the different immune parameters investigated. See 
Table 1 for additional patient characteristics.

2.2 | Allergen extracts, allergens and peptides

SDS‐PAGE gels of allergen extracts, and recombinant and purified 
allergens are seen in Figure S1, online.

Amb a extract (ALK) was gel‐filtered by size‐exclusion chroma‐
tography before use for establishment of T‐cell lines, and additional 
experimental extracts of Amb p, Amb t and Artemisia vulgaris (Art v) 
were used for T‐cell activation assays.

Endotoxins were removed from all recombinant proteins and 
measured to <0.01 EU/μg. Endotoxin content of all purified allergens 
was below 20 EU/mg except nAmb a8, which was 53 EU/mg.

Overlapping 20 mer peptides, selected peptides 20‐23 mers, ho‐
mologous 20‐23 mers and full‐length Amb a5 were custom‐made by 
Genscript (purity ≥ 95%).

2.3 | Allergome profiling of Amb a extract

Amb a extract was denatured, reduced, alkylated and trypsin‐digested 
before analysis by LC‐MS/MS on a ESI‐QTOF mass spectrometer.

2.4 | Data analysis

MS/MS spectra were searched (via MASCOT search engine, Matrix 
Science) against all available protein sequences of IUIS Amb a aller‐
gens and isoforms thereof. The sum of the relative and semi‐quanti‐
tative (emPAI) scores24 of all Amb a allergens was set to 100%, and 
the relative percentage (molar %) of each allergen was calculated.

2.5 | Generation of T‐cell lines, FluoroSpot, 
proliferation and cytokine production

Amb a‐specific T cells from cryopreserved PBMC were expanded in 
vitro, and specific responses were measured by FluoroSPOT25 at day 
14 and by thymidine incorporation25 and cytokine production25 at 
day 24 or later. In these assays, the T‐cell lines were stimulated with 
the different peptides (2 µg/mL), full‐length allergens (2 µg/mL), al‐
lergen extracts (5‐10 µg/mL) and controls (PHA or medium alone).

2.6 | Quantitative assessment of T‐cell epitope 
cross‐reactivity

The level of cross‐reactivity was evaluated on the basis of T‐cell pro‐
liferation data, and all T‐cell lines with a response to the original Amb TA
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a peptide were included in the analysis. T‐cell proliferation of simi‐
lar strength (SI) should be obtained for a number of T‐cell lines, and 
Pearson's correlation coefficient was used to quantify cross‐reactiv‐
ity. T‐cell responses against a given homologous peptide pair were 
defined as cross‐reactive if the correlation was significant (P < .05) 
and the correlation coefficient was above .5.

2.7 | HLA typing and predicted population coverage

Genotyping of the HLA class II locus to 4‐digit resolution was per‐
formed by ProImmune Ltd using a PCR‐based assay. HLA‐peptide 
binding predictions were performed using NetMHCIIpan 3.0.26,27

2.8 | Transcriptomes and homology

RNA was isolated from Amb p and Amb t pollen (ALK). Library 
preparation and RNA‐seq (Illumina HiSeq 2500) were performed 

by Eurofins Genomics. After sequences trimming identification of 
homologous sequences, the resulting transcriptomes were used to 
identify Amb a homologue allergens in Amb p and Amp t extracts 
through LC‐MS/MS analyses.

All allergen sequences used for selection of homologous peptides 
are listed in Figure S2, online. Table S1 (online) includes the level of 
identity for the ragweed group 1 allergens and Art v 6.28 Art v homo‐
logues for Amb a 3, 4 and 8 available from previous publications28 were 
also used for generation of homologous peptides (Figure S2, online).

3  | RESULTS

3.1 | T‐cell response and IgE reactivity to ragweed 
allergen extracts and Amb a 1 isoallergens

The relative allergen composition of the Amb a extract determined 
using mass spectrometry (Figure 1A) showed that the five Amb a 

F I G U R E  1  T‐cell responses and serum IgE concentrations to weed extracts. Relative content (molar %) of individual Amb a allergens 
including Amb a 1 and Amb a 8 isoforms in Amb a extract as determined by mass spectrometry (A), T‐cell proliferation (SI = cpm stim/cpm 
medium control, mean ± 95% conf.) to weed pollen allergen extracts detected by thymidine incorporation (B), and correlation of serum IgE 
concentrations towards weed pollen allergen extracts (C)
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F I G U R E  2   (A,B) T‐cell proliferation (SI = cpm stim/cpm medium control, median ± 95% conf.) induced by purified or recombinant Amb a 
1 isoallergens (A). T‐cell responses (SI > 3) to individual peptides from the five Amb a 1 isoallergens (B, central panel) and relative responses 
to each isoallergen based on the number of peptides recognized (B, bottom panel). Serum IgE ImmunoCAP values (B, top panel) and 
sequence identity between isoallergens for the epitope regions (B, right panel). The colour intensity (B, central panel) indicates the number 
of homologous peptides recognized (from 1 to 5). Patients are ordered on the basis of serum IgE concentration towards Amb a 1 (B). (C,D) 
T‐cell proliferation (SI = cpm stim/cpm medium control, mean ± 95% conf.) induced by purified or recombinant Amb a allergens (C). T‐cell 
responses (SI > 3) to individual peptides from the Amb a 3, Amb a 4, Amb a 5, Amb a 8 and Amb a 11 isoallergens and isoforms (D, central 
panel). Patients are orders on the basis of serum IgE ImmunoCAP values (D, top panels). Patients are ordered on the basis of serum IgE 
concentration towards Amb a extract (D)
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1 isoallergens were all present in the extract adding up to around 
50% of the total allergen content. Minor Amb a allergens of known 
sequence were also detected in relative quantities ranging from 
0.6% (Amb a 9) to 14% (Amb a 6) (Figure 1A). T‐cell lines gener‐
ated using Amb a extract responded equally to extracts from two 
other ragweed species Amb t and Amb p and to a lesser extend to 
extract from the more distantly related species Art v (Figure 1B). 
Similarly, most T‐cell lines responded strongly to all five Amb a 1 
isoallergens (Figure 2A). T‐cell responses were dominated by IL‐5 
production, whereas IFN‐γ production and IL‐10 production were 
seen only in a few cell lines indicative of a strong Th2 polarization 
(data not shown). The IgE reactivity towards the individual weed 
pollen allergen extracts was highly correlated (Figure 1C) espe‐
cially for Amb a/p and Amb a/t, whereas a more scattered pattern 
was seen for Amb a/Art v.

3.2 | T‐cell epitope mapping and reactivity towards 
Amb a 1 isoallergens

T‐cell lines were stimulated with overlapping 20‐mer peptides cov‐
ering the entire amino acid sequence of all the five known isoaller‐
gens of Amb a 1 (Figure 2B, central panel) to further understand the 
reactivity towards Amb a 1. T‐cell epitopes were found throughout 
the individual isoallergen sequences with the exception of the 
N‐terminal region (approx. aa 1‐70) and a central part (approx. aa 
220‐270), which mainly contained few discrete epitopes. A part 
of these regions were also found to have less sequence homology 
between the isoallergens (Figure 2B, right panel), but enzymatic 
digestion in the endosomes and HLA binding affinity may also af‐
fect the availability of these epitope regions. Some homologous 

peptides were recognized frequently in all isoallergens, some in a 
few isoallergens, and some seemed to be isoallergen‐specific. A 
group of donors recognized multiple epitopes throughout the Amb 
a 1 sequences, and other responded to relatively few or even no 
(donor T) Amb a 1 T‐cell epitopes. T‐cell reactivity to multiple pep‐
tides seemed to be more likely in patients with high Amb a 1 IgE 
titres (Figure 2B, upper panel), even though there were exceptions 
(eg, donor N). The majority of donors responded to most Amb a 1 
isoallergens (Figure 2B, lower panel) indicating no obvious immu‐
nodominance of one particular Amb a 1 isoallergen.

3.3 | T‐cell epitope mapping of Amb a 
minor allergens

The role of the Amb a minor allergens in mediating allergic T‐
cell responses was also investigated using full‐length proteins 
(Figure 2C) and overlapping peptides covering the sequence of 
Amb a 3, 4, 5, 8 and 11 (Figure 2D). The responses to minor Amb 
a allergens varied and were found throughout their aa sequences 
but with lower frequency than Amb a 1 epitopes (Figure 2). Four 
(Amb a 3), 10 (Amb a 4), 2 (Amb a 5), 5 (Amb a 8) and 13 (Amb a 
11) peptides were recognized by more than 2 donors (10%), and 
between zero (Amb a 5) and three (Amb a 4 and 11) of the peptides 
contained epitopes recognized by 25% or more of these US donors 
(Figure 2D). Patients with low Amb a IgE titres (Figure 2B, upper 
panel) were able to respond to a variety of Amb a 3, 4, 8 and 11 T‐
cell epitopes indicating no association between Amb a‐specific IgE 
levels and the number of minor allergen T‐cell epitopes. Further, 
donor T, without T‐cell reactivity to Amb a 1 peptides, responded 
to multiple minor allergen epitopes.

F I G U R E  3  Frequency of T‐cell responses (SI > 3) towards selected peptides from Amb a allergens in new donor (n = 25). Columns are split 
into responses from US (n = 11, dark grey) and SK (n = 14, light grey) donors for each peptide. Dashed lines indicate homologous peptides 
from different Amb a 1 isoforms
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3.4 | Geographical variation in ragweed T‐
cell epitopes

To replicate the findings from the first US donor cohort, 50 im‐
munodominant peptides (Figure 2) were selected from Amb a 1, 
3, 4, 8 and 11 and investigated in a second cohort consisting of 
11 novel US donors and 14 SK donors. T‐cell activation was ob‐
served towards all but two peptides (Figure 3), 25 peptides were 
recognized in more than 25% of the donors, and peptides from all 
five allergens were represented among these. In addition, both US 
and SK donors contributed to the response frequencies for most 
peptides.

3.5 | Quantitative comparison of intra‐species and 
inter‐species T‐cell epitope cross‐reactivity

The cross‐reactivity pattern of Amb a 1 epitopes relative to the 
homologous epitopes of the other isoallergens of Amb a 1 was de‐
pictured (Figure 4B) using single numerical values as a measure of 
cross‐reactivity (Figure 4A). This revealed that some epitope re‐
gions (182, 280 and 318) were recognized throughout the five iso‐
forms. For one epitope region (328), T‐cell cross‐reactivity was more 
scattered among individual isoallergens, suggesting that particular 

amino acid substitutions affected T‐cell activation negatively. Other 
epitope regions showed T‐cell cross‐reactivity restricted to a few 
isoallergens or individual isoallergen pairs and only two of the in‐
vestigated epitope regions (123, 290) were not involved in T‐cell 
cross‐reactivity.

Extending this analysis into homologous regions of allergens 
from Amb t, Amb p and Art v (Figure 4D) revealed that in some 
cases, the observed cross‐reactivity towards Amb a 1 isoallergens 
(intra‐species) extended further into related weed species (inter‐
species). Three epitope regions with consistent intra‐species T‐cell 
cross‐reactivity (region 182, 280 and 318) were also recognized 
throughout all 4 weed species with significant correlation be‐
tween the T‐cell responses to almost all investigated peptide pairs. 
Interestingly, several regions with restricted or no cross‐reactivity 
among Amb a 1 isoallergens showed cross‐reactivity to one (83, 
290), two (93, 143, 348 and 357) or all weed species investigated 
(153, 300). When differences between the isoallergens of Amb a 
1/p 1/t 1/Art v 6 were disregarded to evaluate the overall T‐cell 
cross‐reactivity (Figure 4D), the response to Amb p 1 showed the 
highest cross‐reactivity with 5 strong and 6 medium/low cross‐
reactive peptides. The T‐cell cross‐reactivity to Amp t 1 was 
slightly less pronounced with 3 highly cross‐reactive and seven 
medium/low epitopes, and for Art v 6, strong cross‐reactivity was 

F I G U R E  4  Correlations were investigated for homologous sequence regions by plotting each peptide pair, and the Pearson correlation 
coefficients and significance levels were determined as described in Methods sections (examples in A). Significant correlations are 
depictured in B‐E by increasing size and darkness of green with increasing correlation coefficient. Correlations within Amb a 1 isoforms (B), 
correlations between group 1/6 allergens from different weed species for each Amb a 1 isoallergens (C), correlations between group 1/6 
allergens irrespective of isoallergen (D) and correlations between non‐Amb a 1 allergens (and isoallergens/isoforms) between weeds (E)
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observed for two peptides and medium/low cross‐reactivity for 
seven peptides.

A similar analysis of the epitope regions of the minor allergens 
(Figure 4E) demonstrated that most Amb a 8 and Amb a 11 peptides 
contributed to the T‐cell cross‐reactivity towards Amb p and Amb t. 
Cross‐reactivity towards Art v 4 was also observed for Amb a 8 epi‐
tope region 39, whereas cross‐reactivity for Amb a 3 and 4 peptides 
was limited to one Amb a 4 epitope region. Cross‐reactivity was most 
pronounced for group 11 ragweed allergens followed by group 8/Art 

v 4 and group 4/Art v 1, which likely reflects the decreasing level of 
sequence conservation within these groups in combination with the 
lower number of donors responding.

3.6 | Correlation of epitope sequence homology and 
T‐cell cross‐reactivity

To investigate whether there was a link between the observed 
cross‐reactivity and sequence identity between pairs of homologous 

F I G U R E  5  Correlation coefficients for each peptide pair are plotted in A according to the sequence identity between the peptide pair 
(significant correlations in blue). The same data are presented in B with sequence identities grouped <50%, 50%‐80% and >80% to illustrate 
the increase in the fraction of significant correlations found for peptide pairs within the increasing sequence identity cut‐offs. In C, the 
fraction of peptide pairs with low HLA coverage (low promiscuity) is depictured for the >80% sequence identity subset of peptide pairs

F I G U R E  6  Overview of T‐cell epitopes 
in Amb a 1 isoallergens 0.01‐0.05 with 
previously published data on T‐cell 
epitopes in Amb a 1.0304 (Jahn‐Schmid 
et al) and Amb a 1.0101 (Pham et al) 
included in the lower panels (A). A similar 
overview of T‐cell epitopes in Amb a 3, 
Amb a 4, Amb a 5, Amb a 8 and Abm a 11 
with previously published data on T‐cell 
epitopes in Amb a 5, Amb a 8 and Amb 
a 11 (Pham et al) included in the lower 
panels is seen in B. All data are depictured 
with T‐cell epitopes recognized by 25% or 
more of the donors investigated indicated 
in dark blue and by 10%‐25% indicated in 
light blue
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peptides, Spearman's correlation coefficients were plotted as a 
function of percentage sequence identity (Figure 5A). Significant 
correlations are clustered in the upper right corner with high cor‐
relation coefficients  >  .5 (blue dots) and high sequence identity 
(>50%). The association between the two parameters is highlighted 
in Figure 5B where peptide pairs with <50%, 50%‐80% and >80% 
sequence identity show increasing cross‐reactivity with increasing 
sequence identity. Sequence identity above 80% does not neces‐
sarily lead to cross‐reactivity, and this may be related to the HLA 
binding capacity of the homologous peptides (Figure 5C), whereas 
virtually all peptides with significant T‐cell cross‐reactivity do have a 
broad predicted HLA coverage.

4  | DISCUSSION

Immunological cross‐reactivity is an important factor in the diagno‐
sis and treatment of allergic disease. Here, we present an in‐depth 
analysis of the cross‐reactivity of T‐cell responses in ragweed al‐
lergic donors and associate these responses to IgE titres, allergen 
homology between weed species and geographical origin of the 
donors. The MS data presented here (Figure 1A) demonstrate that 
all Amb a allergens of known sequence are present in the aqueous 
pollen extracts in relative amounts ranging from 0.6% to 14% of total 
allergen content and the sum of Amb a 1 isoallergens constituted 
around 50%.

T‐cell responses appeared to mirror the composition in the ex‐
tract because all the investigated allergens (Figure S1) contained 
T‐cell epitopes (Figure 2). Early investigations of allergen‐specific T‐
cell reactivity included HLA29 and Vβ30 restriction of responses to 
Amb a 5 (antigen Ra5), and during the 1990s, different isoallergens 
of Amb a 1 (antigen E) were shown to induce comparable T‐cell re‐
sponses in ragweed allergic patients.31 Recent reports include more 
detailed analysis of additional allergens and Amb a 1 isoallergens. 
For Amb a 1 (Amb a 1.0304), more than 20 T‐cell epitopes including 
3 "dominant" epitopes have been described8 (Figure 6A). The domi‐
nant epitopes were confirmed in a later study9 (Figure 6A), and both 
studies report responses dominated by Th2 cytokines in line with 
the current investigation. Most of the previously identified major 
and minor allergen epitope regions were replicated in the current 
study, which is seen in Figure 6 depicturing the peptide recognition 
frequencies for all 31 US and 14 SK donors analysed. In addition, we 
identified several novel T‐cell epitopes mainly in Amb a 3, 4, 8 and 
11. T‐cell reactivity to multiple Amb a 1 epitopes seemed to be more 
likely in patients with high Amb a 1 IgE (>5 kU/L) in line with the 
cut‐off for strong T‐cell responses towards mite allergen epitopes 
(>10  kU/L) suggested by Hinz et al32 The micro‐heterogeneity of 
the T‐cell responses in individual donors may explain why various 
attempts to develop next‐generation AIT vaccines based on a sin‐
gle recombinant Amb a 1 isoform33 or short peptides derived from 
such a molecule34,35 have failed to progress beyond phase II clinical 
trials. It may also predict similar challenges for the suggested hybrid 
molecule combining parts of Amb a 1 and Art v 6.36 Moreover, one 

donor responded only to minor allergen epitopes and other donors 
responded to multiple epitopes in the minor allergens, indicating 
that T‐cell responses to minor allergens can be important factors in 
allergic disease. This is in line with the observation that the minor 
grass allergen, profilin (phl p 12), can lead to T‐cell responses com‐
parable to major grass allergens in a subset of profilin IgE‐sensitized 
grass allergic patients.25 Regarding the major allergen, Wolf et al10 
suggested that Amb a 1.01 and 1.03 are immunodominant isoforms 
based on data from 5 Amb a 1‐specific T‐cell clones and PBMC from 
seven ragweed allergic donors. Our results based on T‐cell lines from 
45 ragweed allergic individuals do not support this hypothesis be‐
cause we observed diverse T‐cell responses to all Amb a 1 isoforms; 
many homologous peptides from different isoforms induced similar 
T‐cell responses in a substantial number of patients (Figure 2; lower 
panel).

The extensive epitope mapping of Amb a allergens made it pos‐
sible to select 50 frequently recognized peptides from Amb a 1, 3, 
4, 8 and 11 for further investigation. When responses of a second 
patient cohort of 11 US and 14 Slovakian donors were analysed, 
we observed T‐cell responses towards all selected peptides except 
two. Twenty‐five of the 50 selected peptides were recognized by 
>25% of the donors confirming the immunological relevance of the 
selected peptides (Figure 3). The highly diverse T‐cell response 
towards various Amb a allergens in both US and SK cohorts ex‐
pressing various HLA‐DRB1 alleles (Figure S3) indicates that the 
geographical differences in exposure to pollens from individual 
ragweed species do not introduce any obvious bias in the T‐cell 
response.

To address T‐cell cross‐reactivity to related ragweed species, 
Amb p and Amb t transcriptomes were searched to identify se‐
quences homologous to Amb a group 1 3, 4, 8 and 11 allergens. The 
sequences of these homologues allergens from Amb p, Amb t and 
Art v (published sequences) were used to identify peptide homo‐
logues for all the 50 selected Amb a T‐cell epitope‐containing pep‐
tides, adding up to almost 200 peptides with up to six homologues 
for each Amb a peptide.

To allow for a combined analysis of such huge amounts of cross‐
reactivity data, we developed a novel analytical method for quan‐
titative assessment of epitope cross‐reactivity. When T‐cell lines 
are stimulated in separate experiments with homologous pairs of 
peptides, they will respond with similar signal strength if there is 
full cross‐reactivity. For each homologous peptide pair, this allows 
for a linear fit of the response data (see Figure 4A) and the Pearson 
correlation coefficient will indicate how similar the responses are 
(Figure 4B‐E). From these plots, it was evident that several epitopes 
mediated T‐cell cross‐reactivity to a broad range of Amb a 1 isoaller‐
gens and weed species, whereas a more scattered cross‐reactivity 
pattern was observed for other epitopes. Interestingly, epitopes in‐
ducing T‐cell cross‐reactivity between weed species were found in 
all investigated Amb a 1 isoallergens and minor allergens, indicating 
that the clinically observed cross‐reactivity or cross‐protection7,15 is, 
in part, mediated by both major and minor allergens and isoallergens 
thereof.
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Having a single quantitative measure of T‐cell cross‐reactivity 
allowed for evaluation of the general correlation between epitope 
sequence homology and T‐cell cross‐reactivity (Figure 5). The cor‐
relation observed supports that allergen sequence homology be‐
tween weed species is a key factor. However, epitopes that were 
predicted to bind relative few HLA alleles (low population coverage) 
were less cross‐reactive even though they were more than 80% ho‐
mologous between species. This supports the "multiple hit" hypoth‐
esis formulated by Sette and co‐workers, who proposed that epitope 
conservation in combination with HLA binding is the underlying 
mechanisms selecting the cross‐reactive T‐cell repertoire in allergic 
patients.9 Interestingly, the combined analysis of cross‐reactivity 
also indicated that there is approximately a 50% chance of cross‐re‐
activity for epitopes having <50% sequence identity. This allows for 
T‐cell receptor recognition to play a key role, even among relatively 
distantly related species known to cause clinically relevant allergic 
reactions. T‐cell cross‐reactivity between Amb a and the more dis‐
tantly related Art v was investigated in detail by Jahn‐Schmid et al37 
in Austrian ragweed allergic patients where Amb a 1 was concluded 
to contain a broader spectrum of T‐cell epitopes than its mugwort 
homologue Art v 6 in line with the current data (Figure 4D). In addi‐
tion, very limited T‐cell cross‐reactivity was observed for Amb a 4/
Art v 1 and Amb a 8/Art v 4 (Figure 4E), suggesting that only a subset 
of Art v‐specific T cells will be affected by challenge or treatment 
with Amb a allergen extract.

We believe the present study has clinical implications both for 
diagnosis and for allergen immunotherapy of ragweed allergic pa‐
tients. The data indicate that in ragweed allergic patients, the T‐
cell–mediated late‐phase response upon allergen challenge cannot 
discriminate between different ragweed species. With respect to 
AIT, the IgE cross‐reactivity demonstrated previously and the T‐cell 
cross‐reactivity observed in the current study fully support that 
both antibody and T‐cell responses to Amb a, p and t will be modi‐
fied when ragweed allergic patients are treated with Amb a extract 
AIT as observed in the recent clinical trials with ragweed SLIT tab‐
lets.15,17-19,38 Whether this is also the case for more distantly related 
weed species such as mugwort has to be addressed in dedicated clin‐
ical trials because the IgE37,39 cross‐reactivity and T‐cell (Figure 6)37 
cross‐reactivity demonstrate substantial variation among individual 
ragweed‐ and/or mugwort‐sensitized patients.

In summary, we here present evidence that T‐cell responses in 
ragweed allergic patients are heterogeneous with no apparent in‐
fluence of geographical location. Both major and minor allergens 
appeared to be important factors in overall immunogenicity and 
in mediating cross‐reactivity to other ragweed species. These data 
support that different ragweed species can be considered an aller‐
gen homology group with Amb a as the representative species re‐
garding diagnosis as well as AIT.23
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Methods in detail

 Study populations

Amb a allergic individuals (71 US and 31 Slovakian (SK) donors) were recruited for the study on basis of
previously performed SPT and a clinical history of ragweed allergy. After subsequent screening for IgE
responses to Amb a, 38 US and 17 SK donors were included for T-cell experiments based on an IgE response
of 0.6 kU/L or above if sufficient PBMC were available. Conclusive T-cell responses were obtained for 31 US
and 14 SK donors. 20 US donors were used for the initial epitope mapping while 11 US and 14 SK donors
were used for investigation of responses to selected T-cell epitopes and homologous peptides. All donors
with conclusive T-cell data were used to investigate linkage between the different immune parameters
investigated. The study was approved by the UT Health San Antonio (US) institutional review board
(HSC20150773H) as well as by the local ethical committee of Kosice, Slovakia (4451/2016/OSVaZ-20811).
The ragweed allergic patient population analyzed for T-cell reactivity were 47% females, and the average
age was 38.3 years. All patients suffered from rhinitis and 33.3% had physician diagnosed asthma. Most
patients (96%) were sensitized to other allergens than ragweed. None of the enrolled patients had received
AIT prior to blood collection. Full patient characteristics can be found in table 1.

 IgE measurements

IgE responses to Amb a, Amb a 1, Amb p, Amb t, Art v, Art v 1, Phl p, Cyn d, Der f, Der p, Fel d, Bet v, Que a,
Cry j, and Jun s were measured by ImmunoCAP (Thermofisher Scientific, Uppsala, Sweden)

 Allergens and peptides

Amb a extract (in-house ALK production scale extract) was gel-filtered by size exclusion chromatography
using a HiLoad 16/60 Superdex 75 column (GE Healthcare Life Sciences cat no.:17-1068-01) coupled to an
ÄKTA explorer FPLC system (GE Healthcare Life Sciences), to remove small molecules that could potentially
trigger non-specific T-cell activation during establishment of T-cell lines. Mass spectrometry analysis was
applied to assess the allergome profile before and after gel-filtration as described further below.

The resulting extract preparation contained all Amb a allergens (with known sequences) recognized by IUIS
including the 5 isoform groups of Amb a 1.

Experimental extracts of Amb p, Amb t and Art v were made as follows: Pollen from each species (30 g) was
extracted in 300 mL of NH4HCO3 (0.125mol/L, pH 8.3) at 5 OC for 2 hours followed by dialysis (MW cut-off
3.5K), filtration (0.2 mm), and freeze-drying.



Recombinant allergens: rAmb a 1.0401, rAmb a 3.0101, rAmb a 4.0101 and rproAmb a 11.0101 were
expressed in E. coli and purified via a N-terminal His-tag (custom-made by Genscript NJ, USA). Endotoxins
were removed and measured to <0.01 EU/ug.

The gel-filtrated Amb a extract (see above) was used for purification of Amb a 1 isoforms (Amb a 1.01, Amb
a 1.02, Amb a 1.03 and Amb a 1.05). The first separation step was a Cu-chelate column (GE Healthcare Life
Sciences HiTrap Chelating HP 5 ml cat: 17-0409-03), followed by a combination of ion exchange (GE
Healthcare Life Sciences HiTrap SP HP 5 ml cat: 17-1152-01 (cation)) and hydrophobicity (GE Healthcare Life
Sciences HiTrap Phenyl HP  5 ml  cat: 17-5195-01). The last step was a size exclusion chromatography using
a HiLoad 16/60 Superdex 75 column (GE Healthcare Life Sciences cat no.:17-1068-01). nAmb a 8 was
purified from the gel-filtrated Amb a extract following a CNBr activatedTM 4B sepharose (GE Healthcare Bio
Sciences  LB cat:17-0430-02) coupled with Poly-L-Proline (Sigma-Aldrich Product no. P2129) column. The
final step was size exclusion chromatography using a HiLoad 16/60 Superdex 75 column (GE Healthcare Life
Sciences cat no.:17-1068-01).

All steps to obtain the purified natural allergens were performed on an ÄKTA explorer FPLC system (GE
Healthcare Life Sciences).The purity of the recombinant allergen preparations were above 90% apart from
Amb a 4, which was 85% according to the certificate of Analyses included with the delivery. Natural purified
Amb a 1 isoallergens and Amb a 8 were estimated to be at least 95% pure based on SDS-PAGE and mass
spec analysis.

Endotoxin content of all purified allergens were below 20 EU/mg except nAmb a 8 which was 53 EU/mg. In
our hands endotoxin levels above 20 EU/mg will cause unspecific T-cell proliferation at an allergen
concentration of 10 ug/ml, so we use 0.2 EU/ml as the limit of endotoxin content for all allergen
preparations used for stimulation. Amb a 8 was used in 2 ug/ml leading to an endotoxin level of 0.11
EU/ml.

Peptides: Overlapping 20mers, selected peptides 20-23mers, homologous 20-23mers and Amb a 11
derived 20mers were custom-made by Genscript NJ, USA with a purity of ≥ 95 %.

 LC-MS/MS allergome profiling of Amb a extract used for T-cell stimulation

5 µl Amb a extracts (before and after gel-filtration) were denatured (6 M urea, 0.3 M NH4HCO3), reduced (9
mM DTT, 56 oC for 15 min), alkylated (17 mM Iodoacetamide) and trypsin digested (37 oC, overnight).
Subsequently, tryptic peptides were separated by reverse phase liquid chromatography (Ultimate 3000
RSLC nano, Thermo Fischer Scientific) via a C18 analytical column (flow rate 300 nl/min, 4 hour gradient
from 4-55 % acetonitrile). Eluting peptides were sprayed into an ESI-QTOF mass spectrometer (Maxis,
Bruker), spectra acquired in the mass range of 50-2200 m/z at 2 Hz, and MS/MS sequencing at a spectral
rate of 4-16 Hz. Data analysis: MS/MS spectra were searched (via MASCOT search engine, Matrix Science)
against an in-house allergen database that included the protein sequences of all IUIS Amb a allergens and
isoforms thereof, except for Amb a 7 that has not yet been cloned/sequenced. The sum of the relative and
semi-quantitative Exponentially Modified Protein Abundance Index (emPAI) scores(1) of all Amb a allergens
were set to 100%, and the relative percentage (molar %) of each allergen was calculated.

 T-cell activation(2)



Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood according to standard
procedure and stored in liquid nitrogen. Amb a-specific T-cells were expanded in vitro, and specific
responses were measured by Fluoroscence based ImmunoSpot (FluoroSPOT) at day 14 and by thymidine
incorporation at day 24 or after additional culture cycles with non-specific stimulation. Briefly, frozen
PBMCs were thawed, CD8 removed using magnetic CD8 Dynabeads (kat 111.47 D, Dynal), stimulated with
gel-filtered Amb a extract (0.5 ug/ml) and expanded for 14 days with addition of IL-2 on days 5, 6, and 7
(Proleukin, Chiron). On day 14, the T-cells were isolated and re-stimulated (2x105/ml) in 24 well plates (1
ml/well) with gel-filtered Amb a extract (0.5 ug/ml) and PHA (0.5 µg/ml, supplier) in the presence of
autologous PBMC (106/ml, irradiated 3000 Rad), and IL-2 was added on days 3-5 of this 10 day culture
period. Excess T-cells were frozen and stored in liquid nitrogen. If needed, further culture of T-cells at day
24 or T-cells thawed from storage was performed in 24 well plates (2-4x104 T-cells/ml, 1 ml/well) by un-
specific stimulation with PHA (0.5 µg/ml) using a mixture of JY EBV B-cells (1x105/ml, irradiated 5000 Rad),
and allogeneic PBMC (1x106/ml, irradiated 3000 Rad) as feeder cells. IL-2 was added at day 3-5 of these 10
day culture periods and all data were obtained within a 6-7 week culture period for the individual T-cell
lines.

Using this protocol T-cell lines with reproducible responses to the Amb a allergen preparations were almost
exclusively observed in T-cell cultures from Amb a SPT and IgE positive donors. The responses of 5 allergic
Amb a IgE negative donors to amb extract and allergens resulted in marginal responses for a few allergens
for one donor and towards the Amb a G75 extract preparation in 3 out of 5 IgE negative donors (figure
E1B). all responses were at a very low level compared to the Amb a responses from ragweed allergic donors
shown in figure 1B. Based on these observations, we are convinced that the T-cell responses are specific
and related to the ragweed allergic status of the donors investigated in the current manuscript.

 FluoroSPOT(2)

On day 14, the T-cell lines were tested for cytokine production by stimulation with 2 µg/ml of the different
peptides, full-length allergens (2 µg/ml), allergen extracts (5-10 µg/ml) and controls (PHA or medium
alone), at 1x105 cells/well (100 ul/well, triplicates) in FluoroSpot plates: IL-5/IFNγ FluoroSPOT (Mabtech FS-
0108-10), for 16-20 h at 37oC. Fluorospot was developed and measured according to the manufacturer's
protocol.

Criteria for positive responses were determined relative to cells without stimuli (medium): Data with
significant positive responses (Student’s t-test, p < 0.05), with at least 20 spot forming cells (SFC) per 106

PBMCs above baseline, and with a stimulation index (SI) > 2 were regarded as positive and the actual SFC
used for data analysis. All other measurements were set to zero. Donor coverage was calculated from the
number of positive responses relative to the number of valid (Amb a positive) T-cell lines.

 Proliferation(2)

At day 24 or later, T-cell activation by peptides or allergens was measured by incorporation of tritiated
thymidine, and cell supernatants were collected for cytokine measurements (below) as described
previously (ref). Briefly, T-cells were tested for specific activation by stimulation with the different peptides
(2 µg/ml), full-length allergens (2 µg/ml), allergen extracts (5-10 µg/ml) and controls (PHA or medium
alone), at 3x104 cells/well (100 ul/well, triplicates) in 96 well U-bottom plates (Nunc, Roskilde, DK), for 72 h
at 37oC. Autologous PBMC (2x104/ml, irradiated 3000 Rad) were added as APC. Cell supernatants were



harvested after 48 hours, and 3H-thymidin was added for the last 16-20 hours of the culture period before
determination of thymidine incorporation by scintillation counting.

Criteria for positive responses were determined relative to cells without stimuli (medium): Data with
significant positive responses (Student’t t-test, p < 0.05) and with a stimulation index > 3 were regarded as
positive and the actual CPM values used for further data analysis. All other measurements were set to zero.
Donor response frequencies were calculated from the number of positive responses relative to the number
of valid (Amb a positive) T-cell lines.

 Measurements of cytokine secretion(2)

Cytokine content in cell supernatants were assessed by multiplex electrochemiluminescent immunoassays
(MesoScale Discovery, Gaithersburg, MD, USA). T-cell derived cytokines were measured using a kit for
measurement of IFN-γ, IL-10, IL-12p70, IL-13, IL-2, IL-4 and IL-5. All reagents were provided with the kit and
analyses followed the manufacturer’s guidelines. The electrochemical-luminescence of the secondary
ruthenium-conjugated antibody was read in a MesoScale Discovery Sector (MSD) Imager plate reader and
analyzed using the associated workbench software. Cytokine data were used to further substantiate the T-
cell activation determined in the thymidine incorporation assay, and only cytokine data from stimulations
with positive T-cell proliferation were used for analysis.

 Quantitative assessment of T cell epitope cross-reactivity

The level of cross-reactivity was evaluated on the basis of T-cell proliferation data, and all T-cell lines with a
response to the original Amb a 20-mer peptide were included in the analysis. The criterion for cross-
reactivity was that T-cell proliferation of similar strength (SI) should be obtained for a number of T-cell
lines. To assess this, we used the Pearson correlation coefficient to quantify cross-reactivity, defining T cell
responses against a given homologous peptide pair as cross-reactive if the correlation coefficient was
significant (p < 0.05) and the correlation coefficient was above 0.5.

 HLA typing and predicted population coverage

Genoyping of the HLA class II locus to 4-digit resolution was performed by ProImmune Ltd using a PCR-
based assay. We calculated the predicted population coverage of the tested peptides in order to get an
estimate of what fraction of a population would be expected to carry one or more HLA alleles that are
predicted to bind and present a given peptide. The predicted population coverage Cp of peptide p was
defined as C = 2*Sf - (Sf*Sf) where Sf is the sum of the frequencies of the HLA-DRB1 alleles that are
predicted to bind peptide p.

Allele frequencies were derived from http://allelefrequencies.net/(3) using the populations “USA Colorado
Univ Cord Blood Bank Hispanic”, “USA Colorado Univ Cord Blood Bank Caucasian”, “USA African American
pop 4”, and “USA Asian pop 2” in order to cover the four major ethnicities in the US. HLA-DRB1 alleles with
an observed frequency >0 in any of the four ethnic groups were considered relevant. HLA-peptide binding
predictions were performed using NetMHCIIpan-3.0(4). A given HLA-DRB1 allele was defined as binding a
given peptide if the predicted affinity was <300 nM and the rank score <30%.



 Transcriptomes and homology:

RNA was isolated from Amb p and Amb t pollen (ALK). Library preparation and RNA-seq (Illumina HiSeq
2500) was performed by Eurofins Genomics. All sequences were trimmed with respect to sequencing
quality using fastq_quality_trimmer in the FASTX Toolkit v0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/).
Bases with a quality of less than 20 were trimmed from both ends, and reads were discarded if they were
shorter than 50 bp after trimming. For de novo assembly of the transcriptomes, the software Trinity
v2.1.1(5) was used. Homologous sequences of Amb a allergens in the transcriptomes of Amb p and Amb t
were identified with blastp.

Identification of Amb a homolog allergens derived from Amb p and Amb t by LC-MS/MS
LC-MS/MS analysis of Amb p and Amp t was made similar to Amb a as described above.
MS/MS spectra were searched (via MASCOT search engine, Matrix Science) against an in-house database
that included Amb p and Amp t homolog sequences of known Amb a allergens, derived from the Amb p and
Amb t transcriptomes described above.

All allergen sequences used for selection of homologous peptides are listed in figure E2. The level of
identity for the ragweed group 1 allergens was generally high similar to the identity between Amb a 1
Isoforms whereas the identity to Art v 6(6) was somewhat lower (Table E1). One or more Art v homologues
for Amb a 1, 4, and 8 were available from previous publications(6) and these were also used for generation
of homologous peptides (figure E2).

 Data processing and visualization

Data processing and visualization was performed using R 3.5.0(7). For the creation of most figures, the R
package ggplot2 (version 2.2.1)(8) was used.

Results:

All full length allergen and extract preparations used in the study are included in the SDS-PAGE gel seen in
figure E1. Clear dominant bands are seen for all purified, recombinant, or synthetic proteins and multiple
bands in the range from 3 to 96 kD was observed for the allergen extracts.

Table E1 shows the amino acid sequence identity of the Amb a, p, t 1 and Art v 6 sequences used in the
study. Sequence identities between 62% and 87% were seen for Amb a 1 isoallergen groups and identities
between 58% and 90% were seen when the Amb p and t 1 sequences identified in the transcriptomes and
the known Art v 6 sequence were included in the comparison. Amb p and t 1 names were composed on
basis of the Amb a 1 sequences with the maximum sequence homology. The exact sequences are listed in
figure E2, where the sequences for Amb p and t homologous to the minor allergens investigated are
included and the names are composed similar to the strategy for the group 1 allergens.

The DRB1 allele frequencies of the 31 Us and 14 Slovakian donors are seen in figure E3 where the world
wide allele frequencies of DRB1 alleles with available frequency data are included for comparison. Overall,
allele frequencies of the total donor population is similar to the world wide allele frequencies and no major
allele frequency bias is seen between US and Slovakian donors even though some discrepancies are seen in
the frequency for individual alleles.

Figure legends:



Table E1: Sequence identity between all Amb a 1, Amb p 1, Amb t 1, and Art v 6 molecules investigated.
Amb p 1 and Amb t 1 sequences identified in the Amb p and Amb t transcriptome/allergome analyses were
named on basis of the maximal sequence identity to known Amb a 1 isoform groups (blue cirkels). *
indicate truncated sequences (% identity within coding region).

Figure E1: SDS-PAGE analysis of all full length protein and pollen allergen extracts used for T-cell activation
(A). Amb a G75 was used to initiate all T-cell cultures and the rest of the preparations were used for
FluoroSPOT and proliferation assays as described in the methods section. T-cell responses of 5 Amb a IgE
negative donors (B). T-cell proliferation (SI=cpm stim/cpm medium control, mean +/- 95% conf.) to
ragweed allergens, selected group 1 isoallergens and Amb a allergen extract detected by thymidine
incorporation.

Figure E2A: Sequence alignment between all Amb a 1, Amb p 1, Amb t 1, and Art v 6 molecules
investigated. Amb p 1 and Amb t 1 sequences identified in the Amb p and Amb t transcriptome/allergome
analyses were named on basis of the maximal sequence identity to known Amb a 1 isoform groups (Table
E1, blue circles).

Figure E2B: Sequence alignment between all Amb a/p 3, Amb a 4/Art v 1, Amb a/p/t 8/Art v 4, and Amb
a/p/t 11 molecules investigated. Amb p and Amb t allergen sequences identified in the Amb p and Amb t
transcriptome/allergome analyses were named on basis of the maximal sequence identity to known Amb a
allergens.

Figure E3: HLA-DRB1 allele frequencies in subgroups. DRB1 allele for all 45 donors (grey), 31 US (purple)
and 14 SK (orange) were determined by genoyping of the HLA class II locus by PCR. World wide frequencies
(black) are obtained from http://allelefrequencies.net/ and included for comparison.
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