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Abstract

Background: English plantain (Plantago lanceolata) is an im-
portant weed pollen allergen source triggering allergic symp-
toms during summer. To elucidate genuine versus cross-re-
active sensitization, we investigated IgE reactivity patterns
and inhibition capacities of plantain-sensitized patients.
Methods: Sera of 35 rhinoconjunctivitis patients from the
north-east of France with positive skin prick tests (SPT) to
Plantago lanceolata pollen were tested with clinically rele-
vant allergen sources using ELISA, ImmunoCAP, and immu-
noblot inhibition. Results: The patients were multisensitized
with additional reactivity to grass (94.3%), ash (74.3%), birch
(71.4%), and mugwort (55.2%) pollen in SPT. Sensitization
prevalence to allergen molecules was 34.3% (Pla | 1), 94.3%
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(Phl p 1/5), 60.0% (Ole e 1), 65.7% (Bet v 1), 37.1% (profilin),
and 40.0% (CCD). In immunoblot, IgE reactivity to plantain
pollen was inhibited with relevant pollen extracts and puri-
fied rPla | 1. Two sera did not reveal any IgE cross-reactivity,
while reactivity to plantain was efficiently inhibited by grass
pollen in the sera of 10 patients. The sera from 17 different
patients could be inhibited by grass, birch, or ash pollen to
varying degrees. Thus, only 37.1% of our patients demon-
strated true plantain pollen sensitization, while 62.9% were
solely positive due to IgE cross-reactive molecules from other
clinically relevant pollen. Conclusions: Plantain pollen-sensi-
tized patients are multi-reactors demonstrating varying and
complex IgE-reactivity profiles. In vivo and in vitro tests using
extracts are typically blurred due to the presence of homolo-
gous allergens or CCD in grass, birch, or ash pollen. So far, Pla
[ 1 represents the only indicative marker allergen for the di-
agnosis of genuine plantain pollen sensitization.
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Introduction

Plantago lanceolata (English plantain) represents the
most important allergen source among weeds from the
Plantaginaceae family [1-3]. Plantain pollen is usually
not included in routine allergy diagnosis, and its clinical
relevance may thus be underestimated in some regions [1,
4]. English plantain typically flowers between April and
September and shows an overlapping pollination season
with grasses [2, 5, 6]. It grows mainly in temperate climate
zones and is native in the north-east of France [5, 7-10].
Other Plantago spp. are also abundantly present in this
climatic region and might potentially play a role in aller-
gic rhinitis while information is so far limited. Other al-
lergenic plants frequently found in this region of France
are grasses, ash, birch, oak, and mugwort [1, 10-13]. Sev-
eral IgE-binding molecules of plantain pollen have been
reported by immunoblots using patients’ sera and mass
spectrometry-based methods [8, 14-16]. In a previous
work investigating a Central European cohort, the aller-
gen repertoire of English plantain was shown to be dis-
tinct from grasses and other pollen sources [8]. Plal 1, the
major allergen, has been extensively investigated and pro-
duced as recombinant protein in P. pastoris and Esche-
richia coli [15, 17-19]. The natural allergen is partially
glycosylated and migrates as double band between 16 and
20 kDa in gel electrophoresis [15]. The molecule carries a
complex N-linked glycan with an alpha 1,3 fucose which
was suggested not to constitute a relevant IgE-binding
epitope [17].

Plal1 is a member of the Ole e 1-like protein family
sharing a short consensus sequence but only 28-40%
overall sequence identity with other homologous aller-
gens [19]. Relevant pollen allergens from this protein
family are Ole e 1 (olive), Fra e 1 (ash), Phl p 11 (timothy
grass), and Che a 1 (chenopod) [20, 21]. Recent studies
showed a lack of IgE cross-reactivity of Pla 11 with ho-
mologous allergens [19]. However, plantain pollen also
harbors the panallergens profilin and polcalcin which are
present in other pollen sources [8, 22-31]. Using 2-di-
mensional immunoblot and mass spectrometry, the pres-
ence of fructose bisphosphate aldolase (38 kDa), malate
dehydrogenase (35 kDa), ATP synthetase (55 kDa), poly-
galacturonase (43 kDa), and glyceraldehyde-3-phosphate
dehydrogenase (39 kDa) have been reported [8, 14].

Patients with a true monosensitization to Plantago
lanceolata are rarely observed [8, 13]. The vast majority
of plantain pollen-sensitized patients demonstrates con-
comitant sensitizations and allergies to other pollen al-
lergen sources, e.g., grass, birch, ash, or olive pollen [8, 13,
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32, 33]. A solid allergy diagnosis enabling discrimination
of IgE cross-reactivity or co-sensitization is, however, es-
sential for decision making regarding allergen immuno-
therapy.

The aim of this study was to analyze sera of 35 patients
from the north-east of France with pollinosis symptoms
in spring and/or summer and positive skin prick test
(SPT) to Plantago lanceolata. To elucidate the IgE sensi-
tization profiles, InmunoCAP, ELISA, immunoblot, and
inhibition experiments were performed using the pa-
tients’ sera. Elucidation of reactivity patterns will contrib-
ute to enhanced knowledge regarding plantain allergy di-
agnosis and as — a consequence - to more accurate indi-
cations for consideration in allergen immunotherapy.

Material and Methods

Patients

Sera from 35 patients from 3 different centers in the area of
Strasbourg, in the north-east of France, with spring and/or sum-
mer pollinosis and positive SPT to Plantago lanceolata were in-
cluded in the study. Further details on the patients are provided in
online supplementary Table S1 (for all online suppl. material, see
www.karger.com/doi/10.1159/000490004). Ethical permission
was obtained from the French Ministére de la Recherche (DC-
2010-1095). Written informed consent was received from all indi-
viduals.

Skin Prick Tests

SPTs were performed with commercially available extracts of
grass (ryegrass, timothy, and Bermuda grass), Plantago lanceolata
(English plantain), Fraxinus excelsior (European ash), Betula pen-
dula (silver birch), Quercus alba (white oak), and Artemisia vul-
garis (mugwort) (Stallergenes, Antony, France; ALK-Abello, Hors-
holm, Denmark). Skin reactions >3 mm or >50% of the histamine-
positive control (1/1,000) were considered as positive.

ImmunoCAP Analysis

Specific IgE to allergen components was analyzed in the study
centers using ImmunoCAP (Thermo Fisher Scientific, Uppsala,
Sweden). Tested allergens were Plal1, Phl p 1/5, Ole e 1 as surro-
gate marker for IgE reactivity to Fra e 1, Bet v 1, and Art v 1 [34].
Additionally, reactivity to panallergens was analyzed using profilin
(Phl p 12 or Bet v 2), polcalcin (Phl p 7 or Bet v 4), and CCD
(MUXF3 CCD, bromelain). Values >0.1 kU /L were considered
positive.

Pollen Extracts and Recombinant Pla ] 1

Extracts from pollen of Plantago lanceolata, Phleum pratense,
Fraxinus excelsior, Betula pendula, Quercus alba, and Artemisia
vulgaris (Allergon AB, Thermo Fisher Scientific, Angelholm, Swe-
den) were prepared as 180 mg pollen/mL in dH,0O by rapid agita-
tion for 24 h at 4°C. Supernatants were taken after centrifugation
for 10 min at 14,000 rpm, and protein concentrations were mea-
sured using Pierce Coomassie (Bradford) protein assay (Thermo
Fisher Scientific, Rockford, IL, USA). Recombinant non-glycosyl-

Stemeseder/Metz-Favre/de Blay/Pauli/
Gadermaier

Area Biomed. Tor Vergata

y: A. Mari - 31298




Phl Fra Bet

a Pla

4107 1 97.1%
| |
= 3x107 4 n
> [
5] 4 [ L]
S M
2 7
'g 2 x 107
IS
2 -
[
>
& 1x107 7
Q
o
OA
Art b

Fig. 1. Gel electrophoresis and IgE reactivity of pollen extracts. a 15 pug aqueous extracts were loaded per lane.
b IgE reactivity of the patients’ sera (n = 35) was tested with pollen extracts using ELISA. Horizontal lines with
whiskers represent mean + standard deviations. Pla, Plantago lanceolata; Phl, Phleum pratense; Fra, Fraxinus ex-
celsior; Bet, Betula pendula; Que, Quercus alba; Art, Artemisia vulgaris.

ated Pla 1 1 was expressed as soluble non-tagged protein in E. coli
and purified using cation exchange and size exclusion chromatog-
raphy as has been recently described [19].

Patients’ ELISA

High-binding ELISA plates (Greiner Bio-One, Frickenhausen,
Germany) were coated with 0.25 pg/well of the respective pollen
extract overnight at 4 °C. The plates were washed with 137 mM
NaCl, 2.7 mM KCl, 10 mM Tris, pH 7.4, 0.05% v/v Tween 20 (TBST)
and blocked with TBST, 0.5% w/v BSA for 3 h at room tempera-
ture. The patients’ sera were diluted 1:5 in TBST, 0.5% (w/v) BSA,
and incubated overnight at 4°C. After washing with TBST, bound
IgE was detected with horseradish peroxidase-conjugated mono-
clonal anti-human IgE antibodies (Southern Biotech, Birming-
ham, AL, USA). BM Chemiluminescence ELISA substrate (Roche,
Rotkreuz, Switzerland) was used as substrate, and relative lumi-
nescence was measured after 3 min of incubation. Values were
considered positive when exceeding 5 times standard deviation of
blanks of the respective pollen extract. Correlations between IgE
reactivity to single extracts in ELISA and results from SPT were
calculated as Spearman’s rank correlation, and p < 0.05 was con-
sidered as statistically significant.

Gel Electrophoresis, IgE Immunoblot, and Inhibition

Experiments

Pollen extracts were analyzed by denaturing sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions using 15% gels and stained with Coomassie
Brilliant Blue G-250 (Bio-Rad, Hercules, CA, USA). For immu-
noblot, plantain pollen extract was precipitated by methanol-
chloroform precipitation. 170 ug protein were separated by SDS-
PAGE and subsequently electroblotted on a nitrocellulose mem-

Sensitization to Plantago lanceolata

brane (Whatman, Brentford, UK). For immunoblot inhibitions,
the patients’ sera were preincubated overnight at 4 °C using 150
ug pollen extracts of English plantain, grass, ash, or birch as well
as 20 pg purified recombinant Plal 1. The patients’ non-inhibited
and inhibited sera were incubated with the blotted membrane
overnight at 4°C. Bound IgE was detected with alkaline phospha-
tase-conjugated monoclonal anti-human IgE antibodies (BD
Biosciences, Franklin Lakes, NJ, USA). 5-bromo-4-chloro-3-in-
dolyl phosphate with nitro blue tetrazolium was used as a sub-
strate. Non-atopic human serum and buffer were used as assay
controls.

Results

Patients’ Symptoms and SPTs

The patients in our cohort suffered from rhinocon-
junctivitis mainly in the time between May and July. Ad-
ditionally, asthmatic symptoms were observed in 54% of
the patients, while 34% showed oral symptoms after the
consumption of fruits or vegetables. Based on the inclu-
sion criteria, all individuals were reactive to English plan-
tain in SPT. In addition, 94.3% (33/35) of the patients
presented a positive SPT to grass, 74.3% (26/35) to ash,
71.4% (25/35) to birch, and 55.2% (16/29) to mugwort
pollen extracts. Further demographic information and
clinical presentations of our patients are provided in on-
line supplementary Table S1.
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In vitro IgE Reactivity to Pollen Extracts and Allergen

Molecules

Aqueous extracts from 6 pollen sources relevant to the
north-east region of France were obtained, and protein
pattern analyzed by gel electrophoresis (Fig 1a). In gen-
eral, species-specific protein profiles were observed which
demonstrated rather dissimilar protein pattern even
within the same botanical families (birch and oak). Prom-
inent protein bands were detected in extracts of grass, ash,
and birch, while plantain, oak, and mugwort did not re-
veal dominant protein bands.

In ELISA, we found a very high sensitization preva-
lence to grass (97.1%), English plantain (88.6%), ash, and
birch pollen extracts (85.7% each), while reactivity against
oak (68.6%) and mugwort (54.3%) was less prevailing
(Fig 1b). The highest IgE levels were observed against
grass and birch pollen allergens, while antibody levels
were considerably lower for the other investigated sourc-
es. Typically, a multisensitization profile was observed
with 30 patients reactive to plantain and grass in combi-
nation with another tested extract.

In addition, reactivity to relevant allergen components
was tested in ImmunoCAP, and sensitization prevalence
was: Plal1, 34.3%; Phl p 1/5, 94.3%; Ole e 1, 60.0%; Bet v
1,65.7%; Artv 1, 17.6%; profilin, 37.1%; and CCD, 40.0%.
Polcalcin was negative in 16 tested sera. Individual Im-
munoCAP and ELISA results are provided in Figures 2
and 3, and online supplementary Figures S1-S4 for each
patient.

Correlation analyses of the SPT results to plantain and
IgE levels towards pollen extracts in ELISA (online suppl.
Fig. S5) and components in ImmunoCAP (online suppl.
Fig. S6) were performed. IgE reactivity with plantain pol-
len extract correlated highest with SPT results (r =0.5811,
p =0.0003). Statistical significance was also found for ash,
mugwort, and oak, while there was no relevant correla-
tion with birch and grass pollen. When correlating the
SPT results with allergen components, solely IgE reactiv-
ity to Pla11 was statistically significant (r = 0.4049, p =
0.0175). Reactivity to profilin (r = 0.3271, p = 0.0590) and
CCD (r = 0.3228, p = 0.0626) showed weak correlations
but were statistically beyond significance.

Fig. 2. IgE reactivity and inhibition to Plantago lanceolata extract
in immunoblot of group 1 (plantain) and group 2 (grass). Reactiv-
ity to Pla11 is marked with an asterisk. Immunoblots: n.i., non-
inhibited; Pla, inhibited with Plantago lanceolata extract; Pla 11,
inhibited with recombinant non-glycosylated Plal 1; Phl, inhibited
with Phleum pratense extract; Fra, inhibited with Fraxinus excel-

Sensitization to Plantago lanceolata

Immunoblot and Inhibition Experiments

The sera from all patients were tested for IgE reactiv-
ity to English plantain in immunoblot and inhibition ex-
periments. Representative examples can be found in Fig-
ures 2 and 3, while the blots with residual patients’ sera
are presented in online supplementary Figures S1-S4.
Highly diverse IgE reactivity patterns were observed in
our cohort, ranging from 1 to 10 bands detected in im-
munoblot. The sera reacted to proteins migrating from 12
to 250 kDa as well as less defined high-molecular-weight
components.

Immunoblot inhibitions were performed to reveal if
sensitization to plantain pollen was genuine or due to IgE
cross-reactivity. Therefore, the inhibitory capacity of the
clinically relevant pollen sources grass, ash, and birch was
investigated (Fig. 2 and 3, online suppl. Fig. S1-54). For
the majority of the patients, the inhibition with plantain
extract was complete except for some sera where self-in-
hibition was not fully achieved but considerably reduced.
In order to unequivocally verify IgE reactivity to the ma-
jor allergen Pla11, we performed inhibition experiments
with the purified non-glycosylated molecule. Specific in-
hibition of a protein migrating at approximately 17 kDa
was achieved for patients sensitized to Pla 11 as deter-
mined by InmunoCAP. Patient 25 demonstrated low IgE
levels against Pla 11 which were not detectable in immu-
noblot experiments, thus incubation with the recombi-
nant molecule did not reveal any difference. In general,
IgE reactivity patterns towards plantain proteins other
than Plal 1 were not influenced by inhibition with recom-
binant purified Plal1 verifying the specificity of the assay.

Based on the obtained results, our patients were clus-
tered into 3 different groups according to the inhibitory
capacity of the single sera towards plantain pollen in im-
munoblot (online suppl. Fig. S7). Examples of individual
patients from each group are depicted in Figures 2 and 3,
while residual results can be found in online supplemen-
tary Figures S1-S4. Only 2 sera demonstrated exclusive
self-inhibition with plantain extract (group 1, n = 2),
while IgE reactivity of other sera was impaired by aller-
gens from grass pollen (group 2, n = 10). IgE reactivity to
plantain extract was cross-inhibited by grass, birch, or ash

sior extract; Bet, inhibited with Betula pendula extract. Immuno-
CAP results are given as kU,/L. -, <0.1 kU/L; +-, 0.1-0.35 kU/L;
+,>0.35 kU/L; ++, 215 kU/L. ELISA readouts are given as relative
luminescence units x10%. -, value below 50% of threshold; +-, val-
ue below threshold; +, value above threshold; ++, value above 25%
of maximum value; +++, value above 75% of maximum value.
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Fig. 3. IgE reactivity and inhibition to Plantago lanceolata extract
in immunoblot of group 3 (grass, birch, or ash). Reactivity to Pla1
1 and profilin is marked with an asterisk and triangle, respectively.
Immunoblots: n.i., non-inhibited; Pla, inhibited with Plantago lan-
ceolata extract; Pla1 1, inhibited with recombinant non-glycosyl-
ated Plal1; Phl, inhibited with Phleum pratense extract; Fra, inhib-
ited with Fraxinus excelsior extract; Bet, inhibited with Betula pen-

pollen in 17 sera (group 3, n = 17). Sensitization to Plal1
was observed in 50, 40, and 35% of the sera in these re-
spective groups (online suppl. Fig. S7).

Using grass pollen for inhibition, we observed com-
plete inhibition for 15 patients and partial inhibition for
13 different patients. No inhibition was observed in the
sera of patients 28 and 32 (group 1). In cases of incom-
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dula extract. InmunoCAP results are given as kU,/L. -, <0.1
kU/L; +-, 0.1-0.35 kU/L; +, >0.35 kU/L; ++, >15 kU/L. ELISA
readouts are given as relative luminescence units x10* -, value
below 50% of threshold; +-, value below threshold; +, value above
threshold; ++, value above 25% of maximum value; +++, value
above 75% of maximum value.

plete or no inhibition with grass, the uninhibited reactiv-
ity was usually directed against proteins migrating at 12—
17 kDa, and to a lesser extent to bands at 40 and 55 kDa,
respectively. In addition to grass, pollens of ash and birch
were able to further inhibit IgE reactivity to English plan-
tain in the sera of 17 patients. Generally, the degree of
inhibition was less compared to that of grass pollen. Most
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frequently, reactivity to proteins migrating at 14, 15, 17,
35, 55, and >80 kDa was inhibited, while an IgE-reactive
protein at 30 kDa was typically not affected. Notably,
identical IgE patterns were observed when using ash or
birch pollen for inhibition.

Six sera did not show detectable IgE reactivity to plan-
tain extract in immunoblot (online suppl. Fig. $4). Except
for patient 27 who showed low IgE titer towards Pla 11
(0.26 kU/L), all remaining were negative for Plal 1 in Im-
munoCAP analysis. Four of the immunoblot-negative
patients, however, presented weak but positive reactivity
in ELISA. A lack of IgE signals in immunoblot in contrast
to positive results in SPT and ELISA is a consequence of
lower sensitivity of this assay as well as denaturing and
reducing conditions during gel electrophoresis.

Discussion

In this study, we analyzed the sera from French pa-
tients suffering from allergic symptoms in spring and/or
summer who presented positive SPT reactivity to English
plantain. All patients were multisensitized to several pol-
len sources, predominately grass, birch, and ash, which
coincides with the high prevalence of those plants in the
investigated geographic region [5, 8, 13]. As anticipated,
none of the patients reacted solely to English plantain in
SPT [13, 32, 35]. A similar picture was observed when in-
vestigating in vitro IgE reactivity to 6 different pollen ex-
tracts using ELISA. Typically, antibody levels for grass
and birch were substantially higher compared to all other
tested extracts, which points again at the relevance of
these allergen sources in this geographic region. Interest-
ingly, in contrast to all other tested extracts, grass and
birch pollen did not correlate with results from SPT with
plantain most likely due to the distinct and very dominant
major allergens in these pollens.

Notably, only 34.3% of the patients were sensitized to
the major English plantain allergen Pla 1 1, while 94.3%
reacted to the major grass pollen allergens Phl p 1/5.
Apart from homologous and cross-reactive molecules,
this pattern is frequently observed for plantain-sensitized
patients and points at the true co-sensitization to plantain
and grass pollen, indicated by genuine reactivity to Pla 1
1 and Phl p 1/5, respectively [16]. In this cohort, substan-
tial sensitization was also found for birch and ash pollen,
indicated by >60% prevalence of sensitization to the
marker allergens Bet v 1 and Ole e 1, respectively. In con-
trast, only 17.6% were reactive to Art v 1, the major aller-
gen from mugwort pollen, indicating less allergological

Sensitization to Plantago lanceolata

relevance in this geographic region. As shown in previous
studies, patients reactive to English plantain typically
demonstrate a complex multisensitization profile which
was additionally corroborated by IgE reactivity to marker
allergens from different allergens sources. Regarding the
in vivo results of the SPT reactivity to plantain, solely Pla
1 1 demonstrated a significant correlation. This result is
astonishing as only 34.3% were sensitized to this mole-
cule, further corroborating the high specificity and us-
ability of Plal 1 as marker allergen for genuine sensitiza-
tion. In addition, the weak but non-significant correla-
tion of profilin and CCD reactivity potentially indicates
involvement in IgE cross-reactivity. However, both mol-
ecules are rather weak mediators in histamine release as-
says or in vivo IgE tests, and the clinical relevance of sen-
sitization is still debated [36-38]. It is, however, interest-
ing to note that profilin and CCD sensitization prevalence
differed between the groups. Sensitization to profilin was
0% in group 1, 10% in group 2, and 65% in group 3, while
sensitization to CCD was 0% in group 1, 40% in group 2,
and 59% in group 3. This suggests that more complex and
highly cross-reactive IgE reactivity profiles might at least
partially involve reactivity to profilin and CCDs.

As neither SPT nor IgE determination using extracts
allows efficient discrimination of IgE co-sensitization and
cross-reactivity, we performed inhibition experiments to
immunoblotted plantain extract using grass, birch, and
ash pollen extracts. In concordance with the Plal 1 results
from ImmunoCAP, we noted IgE reactivity to a double
band around 15-17 kDa in immunoblot. The molecule
exists as non-glycosylated and glycosylated variant, hence
explaining the typical appearance as 2 bands. It has been
recently demonstrated that the polypeptide backbone of
Plal1 does not demonstrate IgE cross-reactivity with oth-
er allergens of the Ole e 1-like protein family [15, 17-19].
Consequently, IgE reactivity to the double band was in-
hibited with recombinant Pla1 1 but not with other pol-
len, even though they harbor allergenic (olive, ash, grass)
as well as non-allergenic (birch) Ole e 1-like molecules.
[20, 39, 40]. For 2 patients (No. 12 and 14) only the lower
band was inhibited, suggesting additional IgE antibodies
directed against the glycan moiety of Pla11 [17]. Since
reactivity to glycans is not affected by any other tested
extract, those IgE antibodies might be specific for the
complex N-linked glycan structures of the major plantain
pollen allergen [17].

In the sera of 8 patients, pollen extracts but not Plal11
were able to inhibit IgE reactivity to a protein migrating
around 15 kDa. On a speculative basis, this protein might
represent the recently reported calmodulin from plantain
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pollen [8, 30]. However, given the fact that polcalcin sen-
sitization seems to be mostly irrelevant in these patients,
this could represent another yet unidentified cross-reac-
tive protein. IgE reactivity with a protein migrating
around 14 kDa was typically inhibited by all extracts, sug-
gesting the involvement of the recently identified profilin
Pla12 [8, 31]. This was corroborated by the fact that all
patients showing this pattern were positive to profilin in
ImmunoCAP. We can, however, not fully exclude over-
lapping patterns of profilin and other IgE reactive pro-
teins at this molecular weight range. A protein at around
12 kDa was found to be exclusively inhibited by grass ex-
tract using the sera of patients 2 and 12, suggesting IgE
cross-reactivity due to grass pollen sensitization [41].
Moderate IgE reactivity to a 25-kDa protein was in-
hibited by grass pollen in the sera of 11 patients. This
molecular weight might correspond to English plantain
triosephosphate isomerase with a sensitization preva-
lence of 19.2% [8]. However, the cross-reactive allergen
present in grass pollen might also be grass group 5 or a
manganese superoxide dismutase [42]. Fifteen patients
reacted to a 30-kDa band in English plantain extract
which was almost completely inhibited by grass pollen
extract. Extensive cross-reactivity between a 30-kDa pro-
tein from English plantain and grass pollen was reported
before and attributed to Phl p 5 [16]. In accordance with
this, all aforementioned patients were also tested positive
for Phl p 1/5 in ImmunoCAP. Interestingly, for some pa-
tients (5, 12, 15, and 19), inhibition of this protein was
more pronounced when using grass pollen extract com-
pared to self-inhibition with English plantain pollen.
This fact could be ascribed to stronger antibody affinity
to Phl p 5 compared to the English plantain homolog or
excess of grass group 5 protein in Phleum pratense extract
as observed in gel electrophoresis in Figure 1a. In addi-
tion, trace amounts of grass pollen in the plantain pollen
batch might have caused this observation, explaining a
more profound inhibition with, e.g., Phl p 5. A band at
35 kDa was detected by the sera of 12 patients with me-
dium to strong intensity. Earlier reports suggested reac-
tivity to a Plal 1 dimer [15]; however, since recombinant
Plal1 was not able to inhibit the signal at 35 kDa, this
can be ruled out for our cohort. It is rather suggested to
be a grass pollen homolog, potentially involving group 1
or 5 grass pollen allergens as described above [16, 43].
Interestingly, previous proteomic studies did not reveal
the presence of such homologs in English plantain pollen
extract [8, 14]. Ten patients showed weak IgE reactivity
to a band at 40 kDa which might relate to phosphoglyc-
erate kinase or fructose-bisphosphate aldolase [8, 14]. A

104 Int Arch Allergy Immunol 2018;177:97-106

DOI: 10.1159/000490004

similar reactivity was also detected in a previous study
involving the sera from English plantain-monosensitized
patients [16]. In our study, IgE reactivity was typically
abolished with grass pollen extract, suggesting the pres-
ence of several highly cross-reactive allergens in the
range from 25 to 35 kDa between plantain and grass pol-
len.

Further, rather weak IgE reactivity against a 55-kDa
protein was noted in 9 patients. The molecule was previ-
ously identified as ATP synthase subunit beta or adeno-
sylhomocysteinase, and reactivity has been observed be-
fore in immunoblot with patients’ sera [8, 14-16]. Mostly,
reactivity was inhibited by grass pollen extract, while for
some sera, ash and birch pollen showed more potent in-
hibitory capacities. IgE reactivity to a 66-kDa protein was
described before [15]. Indeed, some of our sera reacted to
a protein migrating at a similar molecular weight, but no
clear inhibition patterns were observed. Reactivity to pro-
teins >90 kDa were detected in several patients, and inhi-
bition was achieved by all investigated extracts. We there-
fore speculate that all these reactivities might be due to
cross-reactive molecules potentially involving carbohy-
drate moieties, as this reactivity pattern was mostly ob-
served in the sera of CCD-positive patients.

In summary, we found highly diverging IgE reactivity
against English plantain pollen and diverse patterns of
inhibition with other relevant pollen sources. Consider-
ing all available information from this study, we identi-
fied 13 patients with “true” plantain sensitization which
corresponds to 37.1% of the study population. Of those,
all except patient 28 were positive to Plal 1 in Immuno-
CAP, reacted to plantain pollen extract in SPT and ELI-
SA, and reported symptoms in May and June. The major-
ity of the patients in this cohort is, however, sensitized to
grass pollen and, based on ELISA, 15 out of 35 patients
demonstrate a stronger reactivity to this allergen source.
Reactivity of only 2 patients’ sera to plantain was not al-
tered by inhibiting extracts, corresponding to a correct
diagnosis of plantain sensitization. Without using Pla11
as marker molecule for genuine sensitization, the major-
ity of the remaining patients would have been diagnosed
positive merely as a result of cross-reactive molecules in
grass, birch, or ash. Our findings are in agreement with 2
epidemiological studies from Spain investigating reactiv-
ity to Pla 1 1 in a pollen allergic population which also
presented a strong association between plantain and grass
pollen sensitization [44, 45]. However, outcomes of this
study differ from the data in an Austrian cohort where the
vast majority of plantain-sensitized patients was also re-
active to Pla11 [8]. Thus, IgE profiles upon plantain pol-
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len exposure seem to be heterogeneous and depend on
investigated patients and/or geographic region.

The frequent multisensitization of plantain-allergic
patients leads to complex IgE reactivity profiles. This cir-
cumstance does not allow efficient discrimination of co-
and cross-sensitization when using plantain pollen ex-
tract for diagnosis. Thus, the most reliable diagnostic
marker for genuine plantain sensitization to date is Pla |
1, as it is highly specific for the source and not prone to
diagnostic errors due to absent IgE cross-reactivity with
homologous molecules [46].
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Figure S1. IgE reactivity and inhibition to Plantago lanceolata extract in immunoblot of group 2 (grass). Reactivity to Pla | 1 and profilin is marked
with an asterisk and triangle, respectively. Immunoblots: n.i., non-inhibited; Pla, inhibited with Plantago lanceolata extract; Pla | 1, inhibited with
recombinant, non-glycosylated Pla | 1; Phl, inhibited with Phleum pratense extract; Fra, inhibited with Fraxinus excelsior extract; Bet, inhibited with
Betula pendula extract. InmunoCAP results are given as KUA/, -, <0.1 KU/L; +-, 0.1-0.35 kU/L; +, >0.35 KU/L; ++, 215 KU/L. ELISA readouts are
given as relative luminescence units *104. -, value below 50% of threshold; +-, value below threshold; +, value above threshold; ++, value above
25% of maximum value; +++, value above 75% of maximum value; n.d., not determined
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Figure S2. IgE reactivity and inhibition to Plantago lanceolata extract in immunoblot of group 3 (grass/birch/ash). Reactivity to Pla | 1 and profilin
is marked with an asterisk and triangle, respectively. Immunoblots: n.i., non-inhibited; Pla, inhibited with Plantago lanceolata extract; Pla | 1,
inhibited with recombinant, non-glycosylated Pla | 1; Phl, inhibited with Phleum pratense extract; Fra, inhibited with Fraxinus excelsior extract; Bet,
inhibited with Betula pendula extract. ImmunoCAP results are given as kUA/I, -, <0.1 kU/L; +-, 0.1-0.35 kU/L; +, >0.35 kU/L; ++, 215 kU/L. ELISA
readouts are given as relative luminescence units *104. -, value below 50% of threshold; +-, value below threshold; +, value above threshold; ++,
value above 25% of maximum value; +++, value above 75% of maximum value; n.d., not determined



Group 3 (grass/birch/ash)

Plal1 NEGATIVE ( -)

Patient 3 Patient 5 Patient 10
kDa kDa
o = =
W= Plal1 <0.1] - 100 — Pla i1 <0.1] - 100 — Plal1 <0.1] -
0 — Phip1/5 >100 [++ 0= Phip1/5 >100 |++ 55 — Phip1/5 27.0 [++
%= Oee1 <0.1 ® = Oeet <0.1 Oeet 8.0 |+
T e T e 35 — T e
35 — < € |Betv1 <01 < € |Betv1 125 |+ < € |Betv1 28.2 [++
O o 35 — O o O o
2 S|Artv1 <01] - 2 S|Artv1 <01] - = 2 S|Artv1 <01] -
2 — s glotv! 2 — A s glonv! s glonv!
£ g|Profilin 30|+ £ g|Profilin 6.5 |+ £ g|Profilin 45 | +
£ 8lcep 0.5 |+ £ 8lcep 07 |+ E 8lcep <01 -
5 % 2 Plantago I. 26.3 | + % 2 Plantago I. 706 |+ 15 — % 2 Plantago I. 52.0
3 S |Phleum p. 2536.1 |++ 5= ,I I 3 O |Phleum p. | 3634.7 [r++ g | I 3 S |Phleum p. 591.3
> w % . w % . w % .
5 O|Fraxinuse. 71|+ 5 O|Fraxinuse. 272 |+ 5 O|Fraxinuse. 104.7 |++
£ §|Betulap. 109 |+ £ §|Betulap. 166.8 | + 10 — £ §|Betulap. 320.7 |+
10 — 8 |quercusa. 5.7 | + 0= 8 |quercusa. 446 |+ 8 |quercusa. 634 | +
Artemisia v. 14|+ Artemisia v. 13.3 | + Artemisia v. 30.2
n.i. PlaPal1Phl Fra Bet n.i. Pla Pal1Phl Fra Bet n.i. PlaPal1Phl Fra Bet
Patient 13 Patient 15 Patient 16
o
Ka - Plal1 <0.1] - 2= Plal1 <0.1] - 30 — Plal1 <0.1] -
10— o Phip1/5 40 |+ = Phip1/5 100.0 |++ = Phip1/5 9.3 |+
70 — 2 o Olee1 <0.1] - 55 — Qo Olee1 <0.1] - 55 — Qo Olee1 <0.1] -
55 —— < ¢ |Betv1 <01 - < € |Betv1 <01] - < € |Betv1 0.5 |+
O o Q o O o
© |Artv1 <01 - - « S 5|Artv1 <01 - 35 — © s|Artv1 <01 -
3B — g 2|profilin 0.3 [+- . g 2|profilin <01 - 25 — g 2|profilin 0.1 [+-
25 — £ 8|cep <0.1] - E 8lcep 0.1 [+- E 8lcep <01 -
% % Plantago I. 72+ % % Plantago I. 55|+ % % Plantago I. 24 |+
o £|Phleum p. 1335 | + 15 — o £|Phleum p. 1033.3 |++ 15 — o £|Phleum p. 156.4 | +
% — 5] 3 |Fraxinuse. 35|+ 5] 3 |Fraxinuse. 25|+ > ] & |Fraxinuse. 1.0 [+-
£ &|Betulap. 40 |+ £ §|Betulap. 46 |+ £ §|Betulap. 39 |+
10 — 8 (Quercus a. 19 [+- 10 — 8| Quercus a. 11 - 10— 8 |quercusa. 04| -
Artemisia v. 50 |+ Artemisia v. 16 | - Artemisia v. 0.1] -
n.i. PlaPal1Phl Fra Bet n.i. PlaPal1Phl Fra Bet n.i. PlaPal1Phl Fra Bet
Patient 21 Patient 23 Patient 33
kD:
kDa kDa 2506_
250 m— 250 m— 130 =—
= Plal1 <0.1] - f Plal1 <0.1] - 100 — Plal1 <0.1] -
70 — Phip1/5 99.0 [++ 10 == Phip1/5 58 |+ . Phip1/5 36.8 [++
55 — o ,|Oee <0.1] - Ea o ,|C0ee 2.7 |+ | o ,|C0ee 42 |+
< € |Betv1 129 | + < € |Betv1 48 | + 35 — < € |Betv1 319.0 [++
O o 35 — O o O o
. © s|Artv1 <01 - © s|Artv1 <01 - . P BB 2 5|Artve <01 -
g 2|profilin 08 |+ 25 — g 2|profilin <01 - g 2|profilin <01 -
% — £ 8lcep <01 - £ 8lcep <01 - £ 8lcep 0.2 [+-
< @ |Plantago . 121+ < @ |Plantago . 13.7 | + < @ |Plantago . 84.1|+
® o ® o 15 — ® o
- S |Phieum p. 928.3 |++ 15 = - S |Phieum p. 123.7 | + - S |Phieum p. 1355.5 |++
" 5 3 |Fraxinuse. 71 5 3 |Fraxinuse. 435 | + B & |Fraxinuse. 287.5 p++
> £ §|Betulap. 239.0 o £ §|Betulap. 513 | + © £ §|Betulap. 1710.3 Jr++
8 |quercusa. 8.3 8 |quercusa. 304 |+ 8 |quercusa. 109.1 [++
Artemisia v. 2.7 |+- Artemisia v. 8.1+ Artemisia v. 415 | +

n.i. PlaPal1Phl Fra Bet

n.i. PlaPal1Phl Fra Bet

n.i. PlaPal1 Phl Fra Bet

Figure S3. IgE reactivity and inhibition to Plantago lanceolata extract in immunoblot of group 3 (grass/birch/ash). Reactivity to Pla | 1 and profilin is marked with an asterisk and triangle, respectively.
Immunobilots: n.i., non-inhibited; Pla, inhibited with Plantago lanceolata extract; Pla | 1, inhibited with recombinant, non-glycosylated Pla | 1; Phl, inhibited with Phleum pratense extract; Fra, inhibited with
Fraxinus excelsior extract; Bet, inhibited with Betula pendula extract. ImmunoCAP results are given as kUA/, -, <0.1 kU/L; +-, 0.1-0.35 kU/L; +, >0.35 kU/L; ++, 215 KU/L. ELISA readouts are given as relative
luminescence units *104. -, value below 50% of threshold; +-, value below threshold; +, value above threshold; ++, value above 25% of maximum value; +++, value above 75% of maximum value; n.d., not
determined
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Figure S4. IgE reactivity and inhibition to Plantago lanceolata extract in immunoblot of sera not reactive in immunoblot. Immunoblots: n.i.,
non-inhibited; Pla, inhibited with Plantago lanceolata extract; Pla | 1, inhibited with recombinant, non-glycosylated Pla | 1; Phl, inhibited with
Phleum pratense extract; Fra, inhibited with Fraxinus excelsior extract; Bet, inhibited with Betula pendula extract. InmunoCAP results are given
as kUA/I, -, <0.1 KU/L; +-, 0.1-0.35 kU/L; +, >0.35 KU/L; ++, 215 kU/L. ELISA readouts are given as relative luminescence units *104. -, value
below 50% of threshold; +-, value below threshold; +, value above threshold; ++, value above 25% of maximum value; +++, value above 75% of
maximum value; n.d., not determined
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Figure 85: Correlation of Plantago lanceolata skin prick test (SPT) results and IgE reactivity to pollen extracts determined in ELISA.
RLU, relative luminescence units
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Figure S7: Scheme of patients assigned to 3 inhibition groups. Results from 29 sera (positive
signals in immunoblots) were clustered based on their inhibition profile with plantain (group 1), grass

(group 2), grass/birch/ash (group 3) pollen. Individual sera are indicated by numbers and sensitizati-
on to Pla | 1 is indicated.



Table S1. Demographic data, allergic symptoms and skin prick test results of patients

Skin prick test
P Age Gende M onths of
# ) r Centre Symptoms symptoms  plantain grass ash birch oak mugwort
1 54 f CHU RC, U 5-6 4 8 7 + n.d. 3
2 33 m SNCF RC, OAS 5-6 9 9 - 9 n.d. n.d.
3 14 f HAG RC, A, OAS 5-7 5 10 5 - n.d. 3
4 27 f SNCF RC, A 4-7 4 6 6 - n.d. -
5 13 f HAG RC, A 5-7 4 10 4 5 n.d. 4
6 55 f CHU RC,0AS 5-7 3 8 - 9 7 9
7 42 f CHU RC 5-6 4 - - - -
8 49 m SNCF RC 2-7 6 8 - 10 - 12
9 31 m SNCF RC, A 4-6 15 10 7 5 n.d.
10 33 m SNCF RC, A, OAS 3-9 8 10 10 10 n.d.
11 28 m CHU RC, A 5-6 6 7 6 - - 10
12 36 m SNCF RC, A 5-6 8 10 4 - - -
13 35 m CHU RCA 4-8 6 12 5 4 -
14 13 m HAG RC, OAS 5-7 6 8 6 6 n.d. n.d.
15 7 m HAG RC, A 3-7 3 4 3 - n.d. -
16 46 m CHU RC 5-6 4 8 5 7 3
17 17 m HAG RC, A 5-7 5 6 2 - n.d.
18 43 m SNCF RC, A, OAS 1,4,7 4 - 5 4 n.d. n.d.
19 13 m HAG RC, OAS 3-6 6 6 - 8 n.d. -
20 13 m HAG RC 2-6 4 12 4 n.d.
21 18 f HAG RC, OAS 3-7 4 10 4 8 n.d. n.d.
22 34 f SNCF RC, A 2-3 4 6 5 n.d.
23 35 m SNCF RC, A 4-7 7 10 12 12 n.d.
24 31 f CHU RC 5-7 8 8 - 6 - -
25 33 m CHU RC, A, OAS 5-6 5 9 - - - 12
26 61 f CHU RC 3-8 3 6 3 - n.d. -
27 16 f HAG RC 4-7 5 8 - 3 n.d. -
28 46 f CHU RC, OAS 2-7 + + + + n.d. n.d.
29 40 m CHU RC, A 5-8 4 6 6 8 4 -
30 14 f HUS RC, OAS 3-6 4 7 5 6 5
31 30 m SNCF RC, A 3-6 3 10 7 7 n.d. n.d.
32 55 f CHU RC, A, OAS 2-3 7 - 10 8 n.d. -
33 26 m SNCF RC, A 2-6 5 12 5 12 n.d. -
34 23 m CHU RC 5-7 6 10 - - - -
35 28 f CHU RC, A, OAS 2-7 3 5 10 10 10 -
D= f=15 35/35 33/35 26/35 25/35 5/13 16/29
31.2 m=20 100% 94.3% 74.3% 71.4% 38.5% 55.2%

CHU, University Hospital Strasbourg; SNCF, Outpatient Clinic of the Railway Station Strasbourg;
HAG, Hospita of Haguenau; RC, rhinoconjunctivits; U, contact urticarial; OAS, oral allergy
syndrome; A, asthma; skin prick test results are given in mm; +, positive reactivity; -, negative; n.d.,
not determined.
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