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Lipid ligand binding and membrane
interactions of a novel food-derived
lipid transfer protein enhance
basophil allergic responses

Uta Jappe®%2*“, Jochen Behrends®? & Andra B. Schromm®*

Non-specific (ns) lipid transfer proteins (LTPs) are lipid-binding allergens whose natural ligands are
not fully known. To elucidate the function and allergenic relevance of nsLTP-lipid complexes, purified
natural Lupinus luteus (L. luteus) nLTP and recombinant peach LTP, rPru p 3, were tested for membrane
interaction and lipid transport activity using liposome assays and Forster-resonance-energy-transfer
(FRET) in a case-level proof-of-principle investigation. Allergenic relevance of the LTP-lipid interaction
was evaluated in the presence of oleic acid (OA), phosphatidylcholine (PC), phosphatidylglycerol (PG),
and phosphatidylserine (PS) in a basophil activation test (BAT) with effector cells from an LTP-allergic
patient. Both LTPs interacted with neutral PC and negatively charged PS liposomal membranes. A
novel transport activity for anionic PG species was identified for both proteins, indicating a shared
functional preference for the glycerol headgroup. LTP-dependent lipid exchange/mixing were
consistent with transfer. However, fusion/mixing mechanisms cannot be excluded with the current
readout. In BAT, both LTPs showed enhanced activation in combination with OA, PC, PG, and PS.

As PG is a key component of bacterial membranes, the PG specificity of the lipid interaction of L.
luteus nLTP and rPru p 3 is likely of relevance in allergen interaction with the gut microbiome and for
enhancement of allergic symptoms. These findings highlight lipid-specific functional properties and
lipid-dependent modulation of allergenic activity in plant nsLTPs.

Keywords Anaphylaxis, Allergen-lipid interaction, Lipophilic allergens, Lipid-transfer-protein, Basophil
activation test (BAT), LTP-membrane interaction, Forster-resonance-energy-transfer assay (FRET)

Non-specific (ns) lipid transfer proteins (LTPs) are lipid-binding allergens and relevant causes of allergic
symptoms in sensitized individuals. The clinical symptoms to nsLTPs range from mild and moderate - like
the oral allergy syndrome - to severe reactions and anaphylaxis, the reason for the latter being hypothesized
to be due to their lipid-binding capacity. nsLTPs are expressed in various plant food sources. Especially fruits
of the Rosaceae family such as cherry, peach, and apple contain high amounts of LTP, however, many more
nsLTP-containing plant-foods also belong to the nut group and to cereals (wheat, maize and rice)'. Until only
a few years ago, nsLTP-associated allergic reactions were mainly reported in patients in the Mediterranean
areal, the primary sensitizer being peach and the exposure to the relevant LTP Pru p 3 from Prunus persica via
consumption'2. However, there is increasing evidence that nsLTPs are responsible for anaphylaxis in Northern
Europe as well>=>. LTPs are highly cross-reactive allergens and induce the so-called LTP syndrome in patients,
i.e. allergic responses to many nsLTPs from different sources often belonging to very distant species®. The
allergenicity of nsLTPs is driven by their molecular characteristics. They are small, abundant, and soluble, heat-
and digestion-resistant proteins that are able to bind and transfer different lipids between membranes in vitro’.
Class I nsLTPs are characterized by a hydrophobic cavity that is formed by four intramolecular disulfide bridges
based on a common motif of eight cysteines within the protein sequence. This hydrophobic cavity pervades
the molecule with a tunnel-like structure!. The term “non-specific” indicates that a variety of lipids is able to
interact with nsLTPs, for example fatty acyls, glycerolipids, sterol lipids, glycerophospholipids, sphingolipids,
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prenol lipids, saccharolipids, and polyketides®®. nsLTPs differ regarding their lipid binding capacities: some
can bind up to two lipids simultaneously, some are incapable of binding and transporting free lipids or do
not have the structural predisposition like the hydrophobic tunnel-like structure where lipids are bound and
transported'®. The detailed role of the allergen-lipid interaction in the development of allergic diseases contains
considerable gaps'!. Available studies have addressed nsLTPs from different plant sources, and the data on nsLTP
lipid ligands are somewhat contradictory regarding allergenicity and allergy protection. Dubiela and co-workers
demonstrated that the epitopes from Pru p 3 were modified in the presence of free fatty acids (“structural
plasticity”), leading to higher IgE binding in the presence of oleic acid (OA)!2. Later, they demonstrated a similar
effect for the walnut LTP Jug r 3. However, in the case of lentil nsLTP (Len ¢ 3), oleic acid did neither increase
nor reduce IgE binding!’. The LTP of tomato seeds, Sola 1 7, is associated with anaphylactic reactions after
tomato ingestion, although it is considered a minor allergen in the whole tomato fruit'®. A protein-biochemical
analysis employing NMR analysis of lipid-interaction with tomato nsLTP rSola 1 7 revealed that unsaturated
oleic and linoleic fatty acids presented higher affinity to the allergen, subsequently inducing more significant
changes than saturated or short-chain fatty acids which suggested epitope modification after this interaction'®.
Investigations of the effect on allergenicity using patients' IgG and IgE antibodies in the presence of free fatty
acids revealed a significantly lower antibody binding than in the absence of the lipids, an observation, that the
authors interpreted as suggestive for a potential protective role of unsaturated fatty acids in tomato allergy®.

There is increasing evidence that nsLTPs cause severe allergic reactions in patients in Northern Europe®* in
spite of the fact that in this geographical area the main sensitizer is the major birch pollen allergen, Bet v 1'. Since
there is an increasing consumption of vegetarian/vegan food (clinical relevance) and still a gap in knowledge as
to the detailed mechanistic effects of LTPs in combination with their lipid ligands our proof-of-principle study
aimed at investigating the lipid-binding and membrane-interacting potential of a newly purified LTP from the
legume yellow lupine (Lupinus luteus) and the effect of allergen-lipid-interaction on its allergenicity.

Results

Membrane interaction of naturally purified L. luteus LTP (L. luteus nLTP)

To study the lipid interaction of L. luteus nLTP, we employed phospholipid liposomes of different compositions
allowing to investigate the specificity of membrane interaction. Labelling of the liposomes with Forster-resonance-
energy-transfer (FRET)-dyes provides a highly sensitive method to study changes in the membrane surface area
by the integration of proteins or lipids into the membrane bilayer, a fact that is of particular importance for the
investigation of small compounds like the purified L. luteus nLTP. The FRET-assay was performed as a probe-
dilution-assay as depicted in the experimental scheme (Fig. 1A) to study membrane interaction of the allergen.
In a two-step assay, the lipid transport function of the allergen was investigated by offering unlabelled liposomes
and measuring the integration of lipids into the FRET-sensitive target membrane. Different lipid compositions
of the liposomes were chosen to reveal interactions with phosphatidylcholine (PC), the major phospholipid
in all eukaryotic cells, phosphatidylserine (PS), as a prototypic member of a negatively charged phospholipid,
and a lipid mixture resembling the lipid composition of a macrophage membrane (PLMAK) as described by us
earlier'3, to analyse potential interaction or interference of L. luteus nLTP with immune cells participating in the
pro-inflammatory phase of allergic reactions. Addition of L. luteus nLTP to the liposomes induced an increase
of the FRET signal ratio as observed when proteins or peptides integrate into the phospholipid bilayer or when
protein membrane association causes an increase in lipid headgroup spacing. The membrane interaction of
L. luteus nLTP occurred fast and resulted in a stable signal ratio over time in PC and PLMAK liposomes (Fig.
1B, D). In PS liposomes, a biphasic reaction was observed with an initial strong signal change, followed by a
soft decline into a steady state after 50-100 s (Fig. 1C), a behaviour that could indicate reorganization of the
membrane upon the protein interaction.

For functional analysis of L. luteus nLTP, a lipid transport assay was performed on PS** liposomes. PS**
liposomes were first incubated with L. luteus nLTP and in a second step exposed to unlabelled phospholipid
liposomes at equimolar ratio. Addition of dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG) or
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG) both induced a time dependent change of
the FRET signal ratio with a notable but not statistically significant increase after 5 s and highly significant
increases compared to control in the absence of L. luteus nLTP after 50, 100 and 200 s for DOPG and POPG
by transport of lipids into the target PS** liposomes (Fig. 2A, B). Kinetics and change in the FRET ratio were
comparable for both PG species. In contrast, exposure to neutral PC liposomes did not show any transport
activity, neither did the exposure to negatively charged phosphatidylinositol (PI) liposomes (Fig. 2C, D),
indicating a preference for the interaction of L. luteus nLTP with the phosphatidylglycerol headgroup. Of note,
addition of unlabelled DOPG or POPG liposomes to PS** liposomes did not lead to any increase of the FRET
signal ratio in the absence of L. luteus nLTP, demonstrating that in the absence of the nLTP no lipid mixing or
fusion of liposomes occurred. LTP-dependent lipid exchange/mixing were consistent with transfer. However,
fusion/mixing mechanisms cannot be excluded with the current readout.

The purification of hydrophobic and lipid binding allergens from natural sources still poses an experimental
challenge and requires refinement to provide sufficient amounts of material for structural and functional
investigation. We, therefore, chose to include the LTP Pru p 3 from peach for further analysis because n/rPru
p 3 and lipid interactions have been investigated with lauric acid, cis-parinaric acid, palmitic acid, and linoleic
acid'? and their effect on IgE-binding was subsequently shown. In our study, rPru p 3 showed fast and stable
integration into PC liposomes, with a reproducible moderate but significant increase in FRET ratio at time points
15s, 50s, and 100s after addition (Fig. 3A, B). In PS liposomes, a strong integration of rPru p 3 was followed by
a slow decline of the FRET ratio resulting in a significant change (p < 0.0001) of the FRET ratio at 300 s (Fig.
3C, D). Analysis of transport activity of rPru p 3 in PS** liposomes showed a strong time-dependent increase
of the FRET ratio by exposure to unlabelled liposomes composed of DOPG and POPG, with highly significant
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Fig. 1. (A-D) Membrane interaction of purified L. luteus nLTP. (A) (i) Principle of Forster-resonance-energy-
transfer (FRET)-assay on liposomes (ii) to study the membrane intercalation of protein (orange symbol)

after addition of LTP to labelled liposomes and (iii) to study lipid-transport activity of LTP after addition of
unlabelled liposomes into the assay. (iv) A schematic measurement profile is indicated. Measurements were
performed in physiological buffer at a constant temperature of 37 °C. (Graph A, i-iv created with BioRender
software by A.B.S). Changes in the membrane surface of liposomes were analyzed by FRET-assay, liposomes
made from PC, PS, or a lipid mixture resembling the phospholipid composition for macrophages PL,;, . The
liposomal bilayer was labeled with the FRET dyes *NBD-PE (donor) and *Rh-DHPE (acceptor) at a ratio
100:1:1 M. The labeled liposomes (B) PC**, (C) PS**, and (D) PL,,,** were diluted to 10 uM in 20 mM
HEPES, 150 mM NaCl, pH 7.4 and the signals of donor and acceptor adjusted to equal values of intensity. After
baseline recording for 50 s, L. luteus nLTP protein or buffer volume control was added to a final concentration
of 10 ug/mL at time point 50 s and the signals recorded until 300 s. Ratios I, /I were calculated, and
representative data of n=2 independent measurements is shown.

Donor’ “Acceptor

changes (p < 0.0001 for DOPG, p < 0.0001 for POPG at time point 300s) indicating efficient transport activity
(Fig. 3E-H), whereas exposure to PC liposomes did not indicate a major transport activity for the zwitterionic
neutral phospholipid beyond a small, but statistically significant increase observed at 5s and 50s after liposome
addition (Fig. 3L, J).

Basophil activation by L. luteus nLTP and rPru p 3 in the presence of lipids

Food-derived nsLTP allergens may encounter lipids in the originating plant tissue, during food preparation
and processing, and in the gastrointestinal tract after ingestion. Thus, the likelihood of allergen-phospholipid
interaction is high. We assessed the impact of lipids on immunological responses in a basophil activation test
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(BAT). Basophil activation, mediated by allergen-specific IgE in the patient’s serum, is indicated by expression
of the surface marker CD63. Analysis of the allergen response in blood derived from a 37-year-old lupine-
allergic female patient showed an increase of CD63* activated basophils from < 0.5% in the unstimulated control
up to 5.4% after exposure to 1 ug/mL L. luteus nLTP and a dose-dependent increase (Fig. 4A, 10 pg/mL L.
luteus nLTP=14.9%, 100 pg/mL L. luteus nLTP =37.1%). Stimulation with 1 ug/mL L. luteus nLTP activated
5.4% of basophils which nearly doubled to ~10% (9.98% mean increase) in the presence of OA, PC, POPG, or
PS. This level of activation corresponded to ~75% of that induced by a tenfold higher concentration (10 pg/
mL) of L. luteus nLTP. Consistently, CD203c expression on basophils induced by 1 pg/mL L. luteus nLTP was
also enhanced by the presence of these lipids (Fig. 4B). Similar results were obtained with rPru p 3, an nsLTP
commonly used in allergy diagnostics and known for cross-reactivity. Basophil activation increased from 3.5%
with 1 ug/mL rPru p 3 alone to ~13-15% in the presence of OA, PC, DOPG, or PS (Fig. 4C), accompanied by
maximal CD203c¢ upregulation (Fig. 4D). The magnitude of activation (CD63 and CD203c) was comparable to
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«Fig. 2. (A-D) Lipid transport activity of purified L. luteus nLTP, abbreviated as nLTP. Changes in the
membrane surface of liposomes were analyzed by a Forster-resonance-energy-transfer (FRET)-assay according
to the model Fig. 1A. Liposomes made from PS were labeled with the FRET dyes *NBD-PE (donor) and *Rh-
DHPE (acceptor) at a ratio 100:1:1 M. The labeled liposomes were diluted to 10 uM in 20 mM HEPES, 150
mM NaCl, pH 7.4 and the signals of donor and acceptor adjusted to equal values of intensity. After baseline
recording for 50 s, nLTP protein (orange line) or buffer control (grey line) was added to a final concentration
of 10 pg/mL at time point 50 s (addition 1). Unlabeled liposomes composed of (A) DOPG, (B) POPG, (C)
DOPC, or (D) PI were added at time point 100 s (addition 2) to a final molar ratio of 10 uM and the signals
recorded until 300 s. Curves show a representative data set, bar graphs show mean + SD of n =3 independent
measurements. Data were analyzed by ordinary one-way ANOVA with Bonferroni’s post-test for multiple
comparisons of samples, significance compared to buffer control is indicated * < 0.05; ** < 0.01; *** < 0.001;
***#*< 0.0001; ns, not significant. For explanation: addition 1 corresponds with part B in Fig. 1A iv, indicating
the intercalation of the LTP into the membrane surface, while addition 2, corresponding with part C in Fig. 1A
iv, represents the directed transport of phospholipid molecules into the labeled liposomes.

that induced by positive control stimuli (fMLP and anti-IgE; Fig. 4G, H). In contrast, lipid compounds alone
were inert in BAT, with only minor background effects on CD203c expression (Fig. 4E, F).

Discussion

This is the first case-level proof-of-principle investigation of the membrane interaction of a novel lipophilic
allergen, the LTP from yellow lupine (L. luteus) in its natural form, which has recently been shown to activate
basophils from a patient with LTP syndrome®, a severe allergic disease. Yellow lupine seeds are increasingly
used for food as new dietary alternative and are strongly acknowledged by individuals applying vegetarian or
vegan diet or people who are allergic to milk or wheat products®®. Their components are of high nutritional
value including a favourable protein/fat ratio. As additional advantage for allergic individuals, they are gluten-
and lactose-free?!. Since many allergens of lipophilic nature are associated with more severe allergic reactions,
lipid-binding capacity and the effects of allergen-lipid-interaction—apart from protein protection from heat and
digestion'21%22—are of elementary interest in research on sensitizing and allergy eliciting processes?.

Structural studies on lipid-LTP interaction have revealed that some lipids increase the IgE-binding capacity
by altering the “tunnel”-like LTP cavity (“structural plasticity”)!% Molecular investigation of Pru p 3 showed that
binding of OA to the hydrophobic cavity induced conformational changes exposing the major IgE epitope of Pru
p 3, which is responsible for severe reactions. OA binding was also confirmed for the recombinant (r) variant of
Pru p 3, which is highly relevant to the present investigation, as rPru p 3 served as a key comparator molecule.
Similar results were obtained for the walnut-LTP Jug r 3: OA affected the IgE-binding capacity of rJug r 3 in an
IgE-ELISA by increasing it up to 7.5 fold, due to additional IgE-epitopes exposed via structural plasticity, and the
structural prerequisites for lipid-binding preferences (longer-chain and unsaturated fatty acids) were shown to
be similar to Pru p 3'3. Structural investigations extended to further food LTPs with differences regarding their
allergenic potential: Mal d 3 (apple), Cor a 8 (hazelnut), and Hel a 3 (sunflower seed), the potential decreasing
in that order?’. All LTPs had the highest preference to OA when compared to other lipid ligands?, which was
confirmed for Pru p 3 in the study presented here and was observed for yellow lupine LTP as well. Aina et al.
showed that among OA, stearic and lauric acids, OA was the most effective concerning the induction of changes
of the molecular structure by increasing the cavity volume, thereby affecting the protein conformation with a
subsequent increase in IgE-binding. That was observed for Mal d 3 and to a smaller extent for Cor a 8%*. In our
study, no antibody-based assays were applied. Instead, BAT was used to investigate the effect of lipid ligands on
the intensity in which the LTPs were able to activate basophils, a reaction that can be IgE-mediated but is not
necessarily exclusively IgE-mediated. In BAT, OA, PC, POPG, and PS in combination with lupine and peach
LTP induced an enhanced basophil activation. The results suggest an increase in IgE-binding capability due to
structural changes, since Dubiela and co-workers as well as Aina and co-workers provided strong data to this
effect for relevant food LTPs and OA previously. In contrast to these research teams, we included other lipid
ligands in addition to OA: PC, PG, POPG, and PS'>2%,

A detailed lipidomics analysis of L. luteus seeds identified phosphatidylcholine (PC) as dominating lipid
species with about 41%, followed by 30% lyso-PC species, 13% phosphatidylethanolamines, and about 5% PGs*.

The here reported transport activity of L. luteus nLTP and rPru p 3 for anionic PG indicates a common lipid
specificity. PG lipid species express a negative surface charge available for electrostatic interactions. In a previous
study, we have reported the zeta-potential of DOPG and POPG liposomes in phosphate buffered saline in the
range of — 80 mV?°. Interestingly, the data presented here strongly indicate that the transport activity of L. luteus
nLTP and rPru p 3 has a preference for the glycerol headgroup rather than being driven solely by electrostatic
interactions, as the negatively charged PI did not interact with the LTPs. In addition to the previously mentioned
structure-based analyses of allergen-lipid interactions, this unique application of FRET allowed an investigation
of soluble LTP - lipid membrane interaction under near-physiological conditions. In addition, the FRET assay
provides high sensitivity for detection of transport activity and lipid selectivity of LTPs, thereby showing LTP
functionality other than allergenicity.

In the context of food allergens, several sources of lipids for lipid-allergen interaction are conceivable, which
are outlined in the following. In plants, PG lipids are a major and essential component in the thylakoid membrane
of chloroplasts?’~%°, and involvement in plant and seed lipid metabolism has been suggested*’. However, as for
many of the plant food LTPs, their physiologic role in plant cells or seeds has not been clarified in detail. In most

Scientific Reports |

(2026) 16:18352 | https://doi.org/10.1038/s41598-026-55182-9 nature portfolio



www.nature.com/scientificreports/

A PC-liposomes B @ PC + Buffer C PS-liposomes
HPC+Prup3
1.5+ 1.59 1.5+ — +HEPES
’ — +HEPES 1.4 1.4 — +rPrup3
5 1.4 — +rPrup3 g 2
- g 1.3 § 1.3
= 1.24 T 129 . . . s :‘- 1.2+ -
o 5 ) A i
4 £ 1.1
Q§ 1.1 g |_| |_| |_| [ 3
08 ! ! : ! ! ' 65 100 200 300 o9 0 5|o 1(I)0 150 2('10 25',0 360
0 50 100 150 200 250 300 ° )
Time (s) Time (s) Time (s)
E PS-liposomes + DOPG F O Buffer + DOPG D [ PS + Buffer
3.0+ — PS +Prup 3 + DOPG 3.0 B Prup3+DOPG 1.5 BPS*Pup3
— PS + HEPES + DOPG ]
o = L 14
§ 2.5 2259 ... 2
2 2 8 1.3.... -
< < <
= 2.0 = 2.0 = 124 ’_|
: 5 | 5
S 1.5+ 8 1.5 |_' -
- 1 2 - ~ 1.0+
1.0 1.0
0 50 100 150 200 250 300 105 150 200 300 5o 100 200 300
Time (s) Time (s) Time (s)
PS-liposomes + POPG O Buffer + POPG
3.0 — PS +Prup 3 + POPG 3.0 @ Prup3+POPG
— PS + HEPES + POPG
8 2,54 5 2.5-
Qo Qo EET T
] ]
< <
= 2.0 = 2.0
5 5
g c
§ 1.5 ) 8 1.54
- 1 -
1.0 1.0
! ! ! ! ! ! 105 150 200 300
0 50 100 150 200 250 300 >
Time (s) Time (s)
| PS-liposomes + DOPC J @ Buffer + DOPC
3.0- 3.0- E Prup 3+ DOPC
— PS +rPrup 3+ DOPC
§ 2.54 PS + HEPES + DOPC 5 2.5
g g
< <
= 2.0 = 2.0+
S S
c
8 1.5- §154 - om0
- 1 2 - [rrm
1.0-——”‘-'(-‘.‘—’~ 1.0
; ’ : ’ : A 105 150 200 300
0 50 100 150 200 250 300 5
Time (s) Time (s)

mammalian tissues and biological fluids, PG lipids are relatively scarce. However, the human gut microbiome
constitutes a rich source of microbial lipids, including PG lipid species. In Gram-negative bacteria, PG constitutes
for 20-25% of the lipids in the cell-envelope, in Gram-positive bacteria PG makes up to 60% of cell wall lipids.
Ligand interaction of food LTPs with PG lipids in the gastrointestinal tract thus presents a reasonable scenario
that should be considered as a sensitization route. Recent lipidomics studies demonstrate the PG lipid diversity
in human gut bacteria and suggest that microbiome composition and diet may shape both, the amount and the
spectrum of PG lipid species in the human gut’"-3.

Another organ with abundant PG lipid species is the lung. PG is a significant component of pulmonary
surfactant, accounts for approximately 7-15% of total phospholipids, and plays a major role as a crucial immune
regulator in the lung*>*. A recent study indicates a major impact of the pulmonary route for sensitization and
symptoms related to LTP*. Interaction of inhaled food allergens with PG in pulmonary surfactant needs to be
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«Fig. 3. (A-]) Membrane activity and lipid transport activity of recombinant Pru p 3. Changes in the
membrane surface of liposomes were analyzed by a Forster-resonance-energy-transfer (FRET)-assay according
to the model Fig. 1A. Liposomes made from (A, B) PC or (C, D) PS were labeled with the FRET dyes *NBD-
PE (donor) and *Rh-DHPE (acceptor) at a ratio 100:1:1 M. The labeled liposomes PC** or PS** were diluted
to 10 uM in 20 mM HEPES, 150 mM NaCl, pH 7.4 and the signals of donor and acceptor adjusted to equal
values of intensity. After baseline recording for 50 s, rPru p 3 (orange line) or buffer control (grey line) was
added to a final concentration of 10 ug/mL at time point 50 s. (E-J) For analysis of lipid transport activity, (1)
rPru p 3 (orange line) or buffer control (grey line) was added to PS** liposomes at time point 50 s (addition 1),
and (2) unlabeled liposomes composed of (E) DOPG, (G) POPG, or (I) DOPC were added at time point 100 s
(addition 2) to a final molar ratio of 10 uM and the signals recorded until 300 s. Line graphs show mean, bar
graphs mean and SD of # =3 independent measurements. (B, D, F, H, J) Data were analyzed at the indicated
time points by ordinary one-way ANOVA with Bonferroni’s post-test for multiple comparisons, significance
compared to buffer control is indicated * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001; ns, not significant. For
explanation: addition 1 corresponds with part B in Fig. 1A iv, indicating the intercalation of the LTP into the
membrane surface, while addition 2, corresponding with part C in Fig. 1A iv, represents the directed transport
of phospholipid molecules into the labeled liposomes.

considered particularly for the here investigated allergen L. luteus nLTP since occupational asthma following
work with lupine flour occurs?!%®,

Following allergen-(lipid)-barrier interaction, allergen induced inflammation is the second arm of allergic
response contributing to symptoms and pathology in acute and chronic allergies. Macrophages are major
drivers of inflammation with a particular role in pathogen detection, inflammation, and immune defense.
Their recognition of bacterial ligands such as lipopolysaccharide (LPS, endotoxin) can trigger TLR4/MD-2 and
TLR4-independent intracellular LPS receptors such as cytoplasmatic caspases-1, -4, and -5. This recognition is
enhanced by LPS-binding protein (LBP)*’. This LTP can transport LPS to enhance its recognition by cellular
receptors. A promiscuous interaction with anionic phospholipids has been described®®3°, and we have recently
demonstrated that anionic lipids such as phosphatidylglycerol species can interfere with LPS induced activation
of both pathways in vitro and in vivo?*4%4!, Of note, our data on the interaction of L. luteus nLTP with the
macrophage model membrane is a strong indicator for immune cell interaction reported here for the first time
and will be addressed in future studies.

Due to contradictory reports on the effects of allergen-lipid-binding on allergenicity of LTPs from different
foods, we analyzed the new L. luteus nLTP and rPru p 3 in combination with four lipid components in BAT
with cells from a patient with LTP syndrome. The data revealed an amplifying effect of the lipids on basophil
activation for both LTPs. This effect was pronounced for the recombinant Pru p 3 and moderate for the new
lupine nLTP, likely because the lipophilic cavity of the natural LTP variant is already occupied by endogenous
lipids. Although we did not observe a major lipid transport activity for PC, both allergens, lupine nLTP and rPru
p 3 induced a moderate but clearly observable and statistically significant interaction with the surface of PC
liposomes. This membrane association or an intercalation of a hydrophobic region of the protein might indeed
be sufficient to induce changes in the protein conformation or its presentation and might explain the enhancing
biological effect as observed also for PC liposomes in the BAT. Thus, the transport activity indicates a preference
of the nLTP and rPru p 3 for certain lipids, such as revealed for phosphatidylglycerol. But also weaker lipid
interactions as such observed for the neutral PC can affect the allergic response.

Our single patient analysis provides first proof-of-principle data on a combination of new biophysical test
results and an optimized cell-based allergy detection method, confirming the allergenic effect of the LTP alone
and demonstrating furthermore its amplification by certain lipids revealing a probable sensitization mechanism.
The observed allergic amplification effect underscores the need for targeted patient identification for further
testing. The purification of sufficient amounts of natural purified LTP, however, still poses a challenge and limits
their experimental analysis. Development of advanced purification protocols will be a future task for these
studies.

In conclusion, both purified lupine and recombinant peach LTP are allergenic and active in BAT. Natural L.
Iuteus LTP rapidly interacts with membranes, and lipid transport assays demonstrated preferential effects with
PG under these conditions. Effects of certain lipid compounds (OA, neutral lipid PC, negatively charged lipids
PS, and PG), were found to amplify LTP allergenicity in the BAT with one, though representative, patient in
this case-level proof-of-principle investigation and will have to be confirmed with a larger number of LTP- and
lupine-allergic patients. The observed functional activity and preference for PG lipids, which are abundantly
present in the gut and the lungs - may be indicative for an increased risk of lipid-mediated exacerbation of
allergic symptoms.

Materials and methods

The study protocol was reviewed and approved by the ethics committee of the University of Liibeck, Germany,
approval ID 10-124. The patient whose basophils were analyzed provided informed consent in writing prior to
her enrollment in the study, and the study was conducted in accordance with the Declaration of Helsinki. The
37-year-old female patient suffered from multiple food allergies (peach, hazelnut, walnut, apple, but not peanut)
due to cross-reactivity via LTPs, known as LTP syndrome, and had specific IgE to the plant food sources lupine
seed (Lupinus albus), apple, walnut, and peanut?. In vitro allergy diagnostics revealed positive reactions to six
food nsLTPs in descending order: peach (rPru p 3), apple (rMal d 3), walnut (rJug r 3), peanut (rAra h 9), wheat
(rTri a 14), hazelnut (rCor a 8) with IgE in ImmunoCAP (Thermo Fisher Scientific, Freiburg, Germany and
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Fig. 4. (A-H) Lipids enhance basophils activation by L. luteus nLTP and rPru p 3. Basophil activation test
(BAT, flow cytometric readout, gating strategy'® shown in Fig. S1) with whole blood from an LTP-allergic
patient using L. luteus nLTP (abbreviated as nLTP) (A, B) and rPru p 3 (C, D), tested alone or in combination
with lipids (oleic acid [OA], phosphatidylcholine [PC], 1-palmitoyl-2-oleoylphosphatidylglycerol [POPG], and
phosphatidylserine [PS]). Filled bar charts: 1:100; hatched bar charts: 1:500 molar ratio. Controls with lipids
only (E, F) showed no activation (E; minimal CD63 expression on CD203c* basophils) or only minor CD203¢
upregulation with PS (F), comparable to negative controls (H, PBS). Positive controls (G, H; fMLP and anti-
IgE) confirmed BAT functionality, with increased CD63" basophils (G) or elevated CD203c expression (H,
indicated by higher median fluorescence intensity). Dotted lines in panels A-D indicate the level of stimulation
with nLTP or rPru p 3 (1 pg/ml) without added lipids. Analysis of basophils of one representative L. luteus

nLTP allergic patient. Statistical analysis not applicable.
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Abbreviation | Lipid Source

PC L-a-phosphatidylcholine Chicken egg
PE L-a-phosphatidylethanolamine Bovine liver
PI L-a-phosphatidylinositol Bovine liver
PS L-a-phosphatidylserine Porcine brain
M sphingomyelin Porcine brain
DOPC [18:1-(A9-cis)-PC, 1,2-Di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholin sodium salt] Synthetic
DOPG [18:1-(A9-cis)-PG, 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium salt] Synthetic
POPG [16:0/18:1-PG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium salt] | Synthetic
OA Oleic acid [C18:1] Eukaryotic

Table 1. Lipids and respective abbreviations used in this investigation of LTP-lipid-interaction, transport
function, and basophil activation test (BAT).

Uppsala, Sweden). She also reacted to L. luteus nLTP (nLTP), recently described by our group*?, as shown by
immunoblot analysis. This new allergen was also able to activate her basophils?, providing the rationale for the
present study using this new LTP (L. luteus nLTP) and the patient’s basophils. All methods were performed in
accordance with the relevant guidelines and regulations.

Lupinus luteus LTP extraction from the natural source (L. luteus nLTP)

Lupine extracts were produced from dry seeds of Lupinus luteus, var. Juno using two extraction protocols for
acidic and alkaline protein extraction, respectively. Subsequent allergen identification and characterization
was performed as previously described*2. Since low molecular weight (LM W) allergens have been detected by
patients’ sera in the acidic extracts, allergen purification was performed with the acidic extracts, focussing on
L. luteus. This procedure yielded a low molecular weight protein of about 10 kDa. This protein was analysed by
immunoblot, isolated, further purified, and subsequently confirmed as an LTP by N-terminal sequencing and
mass spectrometric analysis*2.

Membrane interaction of naturally purified L. luteus LTP (L. luteus nLTP)
Forster-resonance-energy-transfer (FRET) on liposomal membranes was employed to investigate the nLTP
newly purified from L. luteus as well as the recombinant allergen Pru p 3 (Indoor Bio, USA) as a control LTP
with already known lipid-binding capacity® for lipid interactions. This method detects molecular interactions
with high spatial sensitivity in the A-range. Phospholipid liposomes were labeled in the membrane headgroup
area with a pair of FRET-dyes, enabling the analysis of membrane interaction and transport function of the LTP
protein in solution in a physiological buffer system without the need of labeling the protein.

Lipids and reagents for model membrane analysis

Lipids used in this study are specified in Table 1. Chicken egg L-a-phosphatidylcholine (PC), bovine liver L-a-
phosphatidylethanolamine (PE),bovineliver L-a-phosphatidylinositol (PI), porcinebrain L-a-phosphatidylserine
(PS), porcine brain sphingomyelin (SM), DOPC [18:1-(A9-cis)-PC, 1,2-Di-(9Z-octadecenoyl)-sn-glycero-3-
phosphocholin sodium salt], DOPG [18:1-(A9-cis)-PG, 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
sodium salt], and POPG [16:0/18:1-PG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium
salt] were purchased from Avanti Polar Lipids. Oleic acid [C18:1] (OA) was from AppliChem (Darmstadt,
Germany).  N-(7-nitrobenz-2-Oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(NBD-PE) and Lissamine rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Rh-DHPE)
were from Invitrogen, Molecular Probes (Eugene, OR, USA).

Liposome preparation

Liposomes were prepared from chloroform stocks, either from the single phospholipids PC, PS, PI, DOPC,
DOPG, and POPG, or from a lipid mixture resembling the composition of macrophage membranes (PL,,, )
[PC: PS: PE: SM] =1:0.4:0.7:0.5 M. Target liposomes for FRET-analysis were labeled with *NBD-PE and *Rh-
DHPE at a molar ratio of [lipids: NBP-PE: Rh-DHP] =100:1:1 M. The organic solvent was evaporated under a
stream of nitrogen until completely dry. Lipids were then hydrated in 20 mM HEPES, 150 mM NaCl, pH 7.4 (for
FRET assay) or in PBS (for BAT) to a final concentration of 1 mM or 10 mM, respectively. Liposome formation
was induced by pulsed ultrasound (Ultrasonic-Homogenizer HTU Sonil30, 1 min, pulse on/off: 2 s, amplitude
30%) followed by three rounds of thermocycling between 4 °C and 56 °C for 30 min each. Preparations were
stored overnight at 4 °C before use.

Forster-resonance-energy-transfer (FRET) assay

FRET experiments were performed on phospholipid liposomes double-labeled with *NBD-PE (donor) and *Rh-
DHPE (acceptor) (PC**, PS**, or PL, ;, .**). The assay was performed as a probe-dilution assay, i.e. integration of
protein or phospholipids into the labeled liposomes lead to an increase of the membrane surface area, indicated
by an increase of the signal ratio I, /I Acceptor”. For measurements, labeled liposomes were diluted to 10 pM,
the signal ratio I, /T, .., Was adjusted to 1, and the baseline was recorded. At the indicated time point (50

s) protein or bufter control was added. For the analysis of lipid transport activity, at time point 50 s protein was
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added to the liposomes, at time point 100 s unlabeled liposomes were added to the target liposomes. Recordings
were performed at 37 °C under constant stirring on a Fluorolog-3 (Jobin Yvon Inc., Edison, NJ, USA).

Basophil activation test (BAT)

The following ligands were chosen for the investigation of the potential increase of LTP allergenicity in BAT:
oleic acid (OA), phosphatidylcholine (PC), 1-palitoyl-2-oleoylphosphatidylglycerol (POPG), phosphatidylserine
(PS). Lipids were chosen as prototypic major phospholipids of eukaryotic membranes (neutral PC, negatively
charged PS), or bacterial membranes (PG), which LTPs may be exposed to in the gastrointestinal tract. OA is
a known ligand of Pru p 3, Jug r 3, maize LTP and others!®. PC and Lyso-PC, as well as PG and lyso-PG lipid
species have been shown to be ligands for a number of food LTPs including wheat LTP1, wheat LTP2, pea LTP,
and tomato LTP8. As an LTP comparator, we chose rPru p 3 because it has been investigated in detail for its
lipid-association and shown to have a strong lipid-binding capacity® affecting its allergenicity. In addition, it
is considered the clinically most important and best characterized food LTP and a marker allergen for LTP-
sensitization in general. The new L. luteus nLTP has been proven previously to be allergenic?, but requires
further functional and immunological analysis.

L. luteus nLTP and rPru p 3 were used as allergens for preincubation (15 min at 37 °C) with lipid liposomes
(diluted from 10 mM stocks in PBS) in solution (Table 1) and subsequent basophil stimulation (30 min at 37 °C)
with lipid-preincubated allergen and respective controls. Specifically, rPru p 3 was used from three different
stock concentrations (100, 10, and 1 pg/ml). Lipids (OA, PC, POPG, PS) were diluted in PBS (Pan Biotech,
Aidenbach, Germany) to a molar ratio of 1:100 and 1:500 (allergen to lipid). Similar concentrations and dilutions
were used for nLTP, taking account for the allergen-lipid ratio. L. Iuteus nLTP concentration 0,15 pg/ml, diluted
1:1.5, 86.7 pl L. luteus nLTP +43.4 pl PBS (up to 100 pug/ml). rPru p 3 (concentration 1.2 mg/ml, diluted 1:12),
10.9 pl rPru p 3+119.1 pl PBS (100 pg/mL). Samples were prepared accordingly: 10 puL PBS, 10 ul LTP and
10 pl of the respective lipid per well of a 96-well plate (Sarstedt AG & Co. KG, Niimbrecht, Germany). The
samples were incubated for 15 min at 37 °C before stimulation of basophils. The stimuli formyl-methionyl-leucyl
phenylalanine (fMLP 1uM, Sigma-Aldrich, Steinheim, Germany), anti-IgE (1:1 mixture of goat anti-human IgE,
1 ug/ml, Sigma-Aldrich, Steinheim, Germany, and goat anti-human IgE, 1 ug/ml, Abcam, Cambridge, UK) were
used as positive controls for the BAT, PBS (Sigma-Aldrich, Steinheim, Germany) for dilutions and as negative
control.

Flow cytometric instruments and antibodies

Measurements were conducted on a FACSymphony A1 flow cytometric instrument (BD Biosciences, San Jose,
California, USA), of which three detection bandpass (BP) filters were used for data acquisition (BP 586/15 for PE,
BP 780/60 for PE/Cy7, and BP 670/30 for APC detection; BP530/30 was used to exclude high autofluorescence
events/debris). Antibodies for basophil staining were: PE anti-human CD203c (clone NP4D6), PE/Cy7 anti-
human FceRlIa (clone AER-37), and APC anti-human CD63 (clone H5C6), all antibodies from BioLegend (Fell,
Germany). The BAT and the identification of basophils (gating strategy) was performed as previously published
by us!®, and described within the supplemental Figure S1. Basophils were not only identified as described
before!®, but additionally their activation status was analyzed via upregulation of CD63 and CD203c expression,
respectively. Data analysis was conducted with the FCS Express V7.22.0006.

Statistical analysis

Liposome assays were performed as n=2 (Fig. 1) and n =3 (Figs. 2 and 3) biologically independent experiments.
Data were analyzed for statistical significance with GraphPad Prism Version 10.4.2. Statistical tests are indicated
in the figure legends, statistical significance is indicated as *p<0.05, **p <0.01; **p <0.001; **** p<0.0001; ns,
not significant. As L. luteus nLTP is not available for routine allergy diagnostics yet, patients identified with this
phenotype are still rare. The BAT assay was performed as a case study with blood of one representative patient.
The data could, therefore, not be analyzed for statistical significance.

Data availability
All data generated or analyzed during this study are included in this published article. Data can be requested by
the authors at reasonable request.
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