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Abstract:

Background: Tropomyosins are highly conserved proteins, an attribute that forms the molecular
basis for their IgE antibody cross-reactivity. Despite sequence similarities, their allergenicity
varies greatly between ingested and inhaled invertebrate sources. In this study, we investigated the
relationship between the structural stability of different tropomyosins, their endolysosomal

degradation patterns and T-cell reactivity.

Methods: We investigated the differences between four tropomyosins - the major shrimp allergen
Pen m 1 and the minor allergens Der p 10 (dust mite), Bla g 7 (cockroach) and Ani s 3 (fish
parasite) - in terms of IgE binding, structural stability, endolysosomal degradation and subsequent

peptide generation, and T-cell cross-reactivity in a BALB/c murine model.

Results: Tropomyosins displayed different melting temperatures, which did not correlate with
amino-acid sequence similarities. Endolysosomal degradation experiments demonstrated
differential proteolytic digestion, as a function of thermal stability, generating different peptide
repertoires. Pen m 1 (T,, 42°C) and Der p 10 (T,, 44°C) elicited similar patterns of endolysosomal
degradation, but not Bla g 7 (T,, 63°C) or Ani s 3 (T, 33°C). Pen m 1 specific T-cell clones, with
specificity for regions highly conserved in all four tropomyosins, proliferated weakly to Der p 10,

but did not proliferate to Bla g 7 and Ani s 3, indicating lack of T-cell epitope cross-reactivity.

Conclusions: Tropomyosin T-cell cross-reactivity, unlike IgE cross-reactivity, is dependent on
structural stability rather than amino-acid sequence similarity. These findings contribute to our
understanding of cross-sensitization among different invertebrates, and design of suitable T-cell

peptide-based immunotherapies for shrimp and related allergies.
Keywords: Cross-reactivity, endolysosomal degradation, shrimp allergy, T cell, tropomyosin

Word Count: 3735
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1. Introduction:

The tropomyosin protein family is one of the largest allergen families containing over 60
identified and characterized allergens.! Tropomyosin exhibits a high degree of structural
conservation between species.> Several studies have shown clinical cross-reactivity between
crustaceans, mollusks, insects, mites and nematodes is due mainly to shared IgE (B-cell) epitopes
of tropomyosin.>-> However, there is a lack of understanding whether this high degree of structural
and sequence conservation among tropomyosins would also lead to cross-reactive T-cell epitopes.
Currently, T-cell epitopes have only been elucidated for shrimp tropomyosin with little or no data

for other allergenic sources, making analysis of T-cell cross-reactivity challenging.®®

In the tropomyosin family, crustacean and mollusk shellfish tropomyosins are major allergens,
particularly shrimp tropomyosin (Pen m 1), with more than 80% of shrimp-allergic patients being
sensitized to this allergen. These major food allergens have been shown to be extremely
thermostable, and to withstand food-processing activities.>!® Some other invertebrate

tropomyosins from sources such as mites and insects are considered only as minor allergens.

Tropomyosins are alpha-helical coiled-coil proteins that generally exist as stable dimers. Structural
stability of allergenic proteins has been shown to have a direct impact on their allergenicity
through differential endolysosomal degradation and subsequent generation of allergen-derived
peptides for MHC Class II presentation.!! It remains unclear, whether the different structural
properties of the various closely-related tropomyosins also would affect their T-cell cross-

reactivity.

In this study, four allergenic tropomyosins, from shrimp (Pen m 1), house dust mite (Der p 10),
cockroach (Bla g 7) and Anisakis (food borne parasite) (Ani s 3) were investigated for their
thermal and proteolytic stability, and their processing into peptides was analyzed in vitro and in
vivo. T-cell cross-reactivity of Pen m 1-derived peptides to other tropomyosins was assessed in a
murine model. The tropomyosins, although heat-stable, showed different melting temperatures
that were pH-dependent. Exposure to endolysosomal proteases demonstrated that tropomyosins
with similar thermal stabilities also showed a similar speed and pattern of degradation. In a murine
model using Pen m 1 peptide-specific T-cell clones with conserved sequence identity, we found
only limited T-cell cross reactivity with Der p 10, and none with Bla g 7 and Ani s 3. Highly

conserved invertebrate tropomyosins may share IgE epitopes leading to clinical cross-reactivity;
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however presence of shared identical T-cell epitopes seems to be dependent on similarities in
structural stability as opposed to amino-acid sequence identity. Our findings have implications for
understanding possible modes of sensitization as well as the design of suitable tropomyosin

preparations for specific immunotherapy for shrimp and related allergies.

2. Materials and Methods:
2.1 Cloning, expression and purification of tropomyosins

The amino acid sequences from the open reading frames for tropomyosin were used for Black
Tiger Shrimp (Penaeus monodon) accession number ADM34184, House Dust Mite
(Dermatophagoides pteronyssinus) accession number ACI32128, German Cockroach (Blattella
germanica) accession number AAF72534.1, and Anisakis parasite (Anisakis simplex) accession
number Q9NASS. Detailed methods for recombinant protein expression and purification are

outlined in the Appendix S1.

2.2 Patient recruitment and IgE binding analysis

To analyze IgE binding to the different tropomyosins, seventeen shellfish-allergic patients were
recruited at The Alfred Hospital Allergy Clinic, Melbourne, Victoria, Australia with a positive
serum shrimp-specific IgE (> 0.35 kU/L; ImmunoCAP®, Phadia, Uppsala, Sweden). Serum from
a non-atopic donor recruited at the Translational Research Facility, James Cook University was
used as a negative control (Supplementary Table S1). Written informed consent was obtained from
all participants, and patient anonymity was preserved. Ethics approval was obtained from the
Ethics Committees of James Cook University (Project numbers H4313 and H6829), The Alfred
Hospital (Project number 192/07) and Monash University (MUHREC CF08/0225). IgE
recognition of the different tropomyosins was investigated using grid immunoblotting!? as

described in Appendix S1.

2.3 Biophysical characterization of allergenic tropomyosins

This article is protected by copyright. All rights reserved



The alpha-helical structure and thermal denaturation of tropomyosins were compared and
analyzed using circular dichroism (CD) spectroscopy. The effects of different pH conditions on
protein melting temperatures was analyzed using Differential Scanning Calorimetry (DSC) and
Differential Scanning Fluorimetry (DSF). Protein molecular mass under different pH conditions
was determined using size exclusion chromatography coupled to multi-angle light scattering
(SEC-MALS). The detailed methodology for biophysical characterization of tropomyosins is
given in the Appendix S1.

2.4 Endolysosomal degradation of tropomyosins

Endolysosomal degradation assays were performed as described previously.!3 Briefly, 5 pg of
purified protein was mixed with 8 pg of isolated microsomal fraction from the JAWSII cell line in
50 mmol/L citrate buffer (pH 5.2 or pH 4.5) and 2 mmol/L dithiothreitol. Bet v 1 was used as a
non-tropomyosin control allergen, and to confirm in vitro degradation assay condition
reproducibility. Degradation was monitored over time using SDS-PAGE and Coomassie staining.
The pool of peptides generated in the degradation assay was assessed by mass spectrometry using
a Q-Exactive Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Bremen, Germany) and
nano-HPLC (Dionex Ultimate 3000, Thermo Fisher Scientific). Detailed methods are provided in
Appendix S1. To visualize the digestion-generated peptide data, the peptide sequences were
mapped against the full length amino acid sequences of the respective tropomyosins using MS

tools.!* The speed and intensity of peptide generation was visualized using plot.ly.

2.5 Generation of Pen m 1 overlapping peptide library and mapping of murine T-cell

epitopes of Pen m 1

To map the T-cell epitopes of Pen m 1, an overlapping peptide library was generated with 15-mer
peptides with an offset of three amino acids spanning the entire length of Pen m 1 (Mimotopes,
Melbourne, Australia). BALB/c mice were immunized with whole Pen m 1 and the splenocyte
proliferation assay was performed using the overlapping peptide library. T-cell reactive regions
were mapped, based on CFSE-based T-cell proliferation and IL-2 release as correlates. The

detailed methodology is provided in the Appendix S1.
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2.6 Generation of Pen m 1 conserved region-specific T-cell hybridomas

Based on T-cell proliferation data for the Pen m 1 peptide library, two peptide sequences were
chosen for the generation of Pen m 1-specific T-cell hybridomas. These regions (peptides 67 9%
VVGNNLKSLEVSEEK2! and 82 2*RSVQKLQKEVDRLED>®) were chosen based on a)
positive T-cell proliferation to these peptides and b) high amino acid sequence similarity to
corresponding regions in Der p 10, Bla g 7 and Ani s 3 (Supplementary figure S1). The Pen m 1-
specific hybridomas were used as a tool to investigate whether the different tropomyosins share
cross-reactive T-cell epitopes at these regions. The detailed methodology for peptide

immunization and generation of hybridomas is provided in the Appendix S1.

2.7 Processing and T-cell reactivity of tropomyosin homologues using Pen m 1-specific T-cell

hybridomas

To investigate whether dendritic cell processing of the different tropomyosins results in the
presentation of Pen m 1-crossreactive T-cell epitopes, co-cultures of Pen m 1-specific T-cell
hybridoma clones with GM-CSF grown bone marrow dendritic cells (BMDCs) and serial dilutions
of the four tropomyosins were set up in 96-well U-bottom plates. 10° T cells per well from clones
67-1.A2 and 82-3.C5 were incubated overnight with 2x10* GM-CSF BMDCs and concentrations
of 50 pg/mL, 10 pg/mL, or 2 pg/mL of Pen m 1, Der p 10, Ani s 3 and Bla g 7 respectively, in
triplicate. Control wells received either medium alone, peptides 67 and 82 at 10 pg/mL, or an
equal volume of peptide diluent (DMSO). Culture supernatants thereof were removed and
analyzed for IL-2 production as a correlate for T-cell activation using an ELISA MAX mouse IL-2

set (BioLegend, SanDiego, USA).
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3. Results:

3.1 Allergenic tropomyosins are highly conserved proteins with frequent IgE co-sensitization

in shrimp-allergic patients

The tropomyosins selected for this study have a high degree of conservation with 70% or more
amino acid sequence identity (Figure 1A, 1B). These allergens were expressed in a bacterial
expression system and purified as recombinant proteins using affinity and size exclusion
chromatography (Figure 1C). A multiple sequence alignment of the four tropomyosins revealed
the high degree of conservation in the IgE epitopes of shrimp tropomyosin as characterized
previously (Figure 1D).!5 Five out of eight IgE epitopes from Pen m 1 were highly conserved in
Der p 10, Ani s 3, and Bla g 7. To evaluate IgE antibody co-sensitization to the different
tropomyosins, IgE grid immunoblotting was performed using sera from shrimp-allergic patients
(Figure 1E). Thirteen out of seventeen subjects demonstrated IgE binding to all tropomyosins.
Only one subject showed mono-sensitivity to Pen m 1. Interestingly, 8/17 subjects had stronger

IgE binding to Der p 10 as compared to Pen m 1 based on densitometric analysis.

3.2 Tropomyosins have differential structural stability, and pH dependent aggregation

Using CD spectroscopy, mean residual ellipticity (MRE) at 222 nm was monitored. Pen m 1 and
Der p 10 had similar melting temperatures (inflection points) of 42°C and 44°C respectively.
Although Bla g 7 showed a higher melting temperature (63°C), loss of alpha-helical structure was
initially observed from as early as 40°C (Figure 2A, 2B). Interestingly, Ani s 3 showed the lowest
melting temperature of 33°C with nearly complete loss of alpha-helical structure by 50°C. DSF
and DSC analysis of the tropomyosins confirmed similar melting temperatures for Pen m 1 and
Der p 10, as well as the low melting temperature for Ani s 3 at neutral pH as compared to other

tropomyosins (Figure 2C, 2D).

The effect of two different pH conditions on melting temperatures was analyzed by DSC (Figure
2D). The specific heat capacity (Cp) change during protein denaturation (mcal/°C) was measured
from 10°C to 85°C for the invertebrate tropomyosins at pH 5.2 and pH 7.4 in independent
experiments. Pen m 1 showed a slight 2°C increase in melting temperature and an additional

transition at 60°C at pH 5.2 as compared to pH 7.4. Der p 10 and Bla g 7 did not show any shifts
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in melting temperatures when analyzed under acidic compared with neutral conditions.

Interestingly, Ani s 3 showed a large shift to 73°C at pH 5.2 from 33°C at pH 7.4.

Aggregation states of tropomyosins under acidic (pH 5.2) and neutral (pH 7.4) conditions were
assessed using SEC-MALS. At neutral pH, all four tropomyosins existed as dimers as indicated by
the molecular weight calculated from the peaks during size exclusion chromatography (Figure
2E). Ani s 3 showed a broader peak as compared to other tropomyosins. SEC-MALS was
performed as a constant temperature of 25°C, and from melting temperature analysis, it was
evident that Ani s 3 would have already started unfolding at this temperature, and thus we are
seeing a complex equilibrium of folded and unfolded protein. At pH 5.2 however, the protein
peaks were absent indicating that the tropomyosins were highly charged and/or in an aggregated
state, which resulted in their retention in the pre-filter or strong binding to the column matrix (data

not shown).

3.3 Allergenic tropomyosins demonstrate differential pH-dependent protease-mediated

degradation

The endolysosomal degradation assay was performed to compare the peptide profiles generated
from tropomyosins in the endolysosomal compartment of antigen-presenting cells. The four
tropomyosins were incubated with the microsomal fraction from JAWSII dendritic cells under

different pH conditions (pH 5.2 and pH 4.5) (Figure 3).

At pH 5.2, progressive digestion of native sized Pen m 1, Der p 10 and Bla g 7 was observed over
8 hours using SDS-PAGE. A stable 35-37 kDa fragment persisted up to 48 hours, while the
corresponding fragment of Ani s 3 was completely degraded within 48 hours. At pH 4.5, the rate
of digestion of tropomyosins was slower. Der p 10 in particular was stable to enzymatic digestion
at this lower pH, with a native-sized protein persisting even after 48 hours (Figure 3A).
Interestingly, the degradation patterns over time suggested progressive degradation from the N-
and/or C- terminal ends of the coiled-coil proteins. In most cases, a residual fragment >35 kDa in
size was observed. Tropomyosins in general were more resistant to endolysosomal degradation,

particularly Pen m 1, as compared to the non-tropomyosin control, Bet v 1 (Figure 3A).

Mass spectrometry-based peptide sequencing was used to further assess the pattern of peptide

generation during degradation at pH 5.2 and pH 4.5 (Figure 3B and 3C). At pH 5.2, a higher
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abundance of digestion-derived peptides were observed than at pH 4.5 for all tropomyosins. For
Bla g 7 and Ani s 3, a marked increase in peptide generation was observed after 4 hours at pH 5.2.
Pen m 1 and Der p 10 were more slowly degraded compared to Bla g 7 and Ani s 3 and displayed
a similar peptide repertoire. Peptides were generated in the early time-points at the N-terminal side
for all four tropomyosins as predicted using SDS-PAGE analysis, although the pattern of peptide
generation was different at longer time-points particularly for Bla g 7 and Ani s 3. The speed and
intensity of peptide generation correlated with structural stability of the tropomyosins at both pH
5.2 (Figure 4) and pH 4.5 (Supplementary figure 2). Ani s 3 and Bla g 7 showed faster uncoiling
of the alpha-helical structure during temperature-dependent denaturation at lower pH as shown by
DSC and CD analysis, correlating with more rapid peptide generation than for the other

tropomyosins.

3.4 The dominant T cell epitope of Pen m 1 shows weak cross-reactivity with Der p 10 and

none with other invertebrate tropomyosins

T-cell reactive regions of Pen m 1 were first mapped by assessing proliferation and IL-2 release
(Figure 5A, 5B) from Pen m 1-immunized mouse splenocytes cultured with an overlapping Pen m
1 peptide library. T-cell reactivity was generally greater to C-terminal Pen m 1 peptides. Two T-
cell reactive Pen m 1 peptides with identical or near identical sequences for corresponding regions
in Der p 10, Bla g 7 and Ani s 3 (67, aa 199-213, and 82, aa 244-258) were selected for T-cell
hybridoma generation (Supplementary Figure 1). To assess whether the invertebrate tropomyosins
exhibited T-cell cross-reactivity at these conserved regions, the specific T-cell hybridomas were
cultured with all four tropomyosins in separate experiments in the presence of mouse GM-CSF
BMDC:s as antigen presenting cells, and T-cell stimulation was assessed by IL-2 release (Figure

6).

Although peptide 67 (positive control) induced strong stimulation of clone 67-1.A2, none of the
four tropomyosins or peptide 82 did. The clone 82-3.C5 (generated against peptide 82) showed
reactivity to both peptide 67 and peptide 82. This clone showed a response to Pen m 1 at all three
tested concentrations, while Der p 10 elicited a response only at the highest concentration tested
and Bla g 7 and Ani s 3 did not induce any T-cell stimulation. Notably, these regions are highly
similar (peptide 67: 100% for all three homologues; peptide 82: 93% for Der p 10, 100% for Bla g
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7 and Ani s 3) among all four tested tropomyosins, and yet cross-reactivity was not observed.
Interestingly, these immunoreactive regions did not concur with the in vitro degradation assay
outcomes of all tested tropomyosins where full-length peptides 67 and 82 were not detected

(Figure 3B, 3C).

Discussion

Tropomyosin is a highly conserved structural protein that has been the central focus of
immunodiagnostic and therapeutic developments for shrimp allergy. Tropomyosin is the primary
sensitizer in various crustacean and mollusc species, and a key player in our understanding of
clinical cross-reactivity in shrimp-allergic patients on exposure to other invertebrate sources such
as insects 617, mites '8, nematodes '° and more recently, even vertebrates such as fish.20!
However, it remains to be elucidated whether other invertebrate tropomyosins can also cross react

on a T-cell level.

In this study, we sought to understand the fundamental relationship between allergenic
invertebrate tropomyosins in terms of their structural stabilities, endolysosomal degradation
patterns and T-cell reactivity. Using an animal model, we investigated whether Pen m 1-specific T
cells could cross-react with other invertebrate tropomyosins due to conserved T-cell epitope

regions.

Four tropomyosins were investigated in this study: Pen m 1 (shrimp), Der p 10 (house dust mite),
Bla g 7 (cockroach) and Ani s 3 (Anisakis). Through our detailed structural analysis, we
demonstrate here that these tropomyosins, despite their conserved amino acid sequences, exhibit
different stabilities as reflected in their melting temperatures, while all are known to withstand
heat-processing and retain IgE binding capacity. Pen m 1 and Der p 10 showed similar thermal
stabilities, whereas Ani s 3 displayed a remarkably low melting temperature, which may be a
physiological property of a fish parasite protein that is adapted to a cooler environment. Although
Bla g 7 was thermodynamically more stable compared to Pen m 1, it already showed partial
unfolding of alpha-helical structures at 40°C. In contrast to Der p 10 and Bla g 7, an increase in
melting temperature was observed for Pen m 1 and Ani s 3 under acidic pH conditions. This
variation in stability at acidic pH indicates that some tropomyosins might be degraded

differentially during antigen presentation when subjected to increasingly acidic conditions in the
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early to late endolysosomal compartments after uptake by antigen presenting cells.!!?> Due to
tropomyosins’ propensity to aggregate under pH conditions close to its isoelectric point, analysis
at pH 4.5 could not be performed. However, the shift in shrimp tropomyosin’s melting

temperature at pH 2 was previously confirmed.??

During allergic sensitization, allergen-specific peptides that are generated during the
endolyososomal degradative process, are loaded onto MHC class II molecules and displayed on
the cell surface for presentation to CD4+ T cells. This eventually results in a Th2 cytokine
response and subsequent generation of allergen-specific IgE. To establish whether the different
invertebrate tropomyosins are degraded and processed differently during this stage, an in vitro
assay mimicking the endolysosomal degradation was performed.?* For the first time, we
demonstrate that tropomyosins are degraded differentially and at different speeds depending on pH
conditions. The speed and intensity of peptide generation was higher for Ani s 3 and Bla g 7 as
compared to Pen m 1 and Der p 10. Ani s 3 in particular showed a low melting temperature, which
may have led to enhanced unwinding or fraying of the coiled-coil structure giving way for more
efficient degradation of the peptide bonds. Increased thermodynamic stability did not always
translate into increased resistance to in vitro endolysosomal degradation. This was demonstrated
by Bla g 7 (closely related to Pen ml by sequence similarity), which showed highest stability
among the tested tropomyosins, but showed lower resistance to proteolytic degradation that was
similar to the least stable Ani s 3. Pen m 1 and Der p 10, which showed very similar
thermodynamic stability, also displayed similar degradation patterns under both pH conditions.
We concluded that similar structural stabilities rather than amino acid sequence similarities

resulted in specific endolysosomal degradation patterns and peptide generation.

To further investigate whether differences in biophysical and immunochemical properties of
tropomyosins would impact T-cell reactivity, murine T-cell cross-reactivity analysis was
performed. Murine T-cell clones were generated specifically against regions that were T-cell
reactive in Pen m 1, and highly conserved among all four tropomyosins. When BMDCs were
cultured with these T-cell clones together with the four tropomyosins, Bla g 7 and Ani s 3 did not
induce any significant response. Der p 10 induced T-cell stimulation only at the highest tested
concentration. Clone 67-1.A2 did not exhibit any stimulation even on exposure to whole Pen m 1.
Surprisingly, peptide 67 was able to induce stimulation in T-cell clone 82.3.C5 indicating T-cell

receptor (TCR) cross-reactivity between these two internal regions of Pen m 1. A single TCR has
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been shown to recognize more than one specific peptide.?>*¢ We conclude that peptide 67 was
only identified in the initial screening using whole Pen m 1 due to its cross-reactivity with the
immunodominant region 244-254, as T cell clones specifically raised against peptide 67 fail to be
stimulated by all tested tropomyosins. The alpha-helical coiled-coil structure imparts features
unique to tropomyosins, namely a heptad repeat amino acid sequence.?’-?® This feature makes it
possible to have regions which have different amino acid sequences but belonging to similar
classes that would act as anchor points to the peptide groove of MHC class II molecules. This
could result in non-homologous “non-identical” cross-reactive T-cell epitopes ‘intra’ and ‘inter’
tropomyosins. This warrants further investigation. A caveat of this study is that immunoreactive
Pen m 1-specific peptides elucidated experimentally by epitope mapping did not concur with the
peptides sequenced from the in vitro degradation assay. Peptides in this region were absent for the
reactive Pen m1 and Der p 10, and more abundant for the non-cross-reactive Bla g 7 and Ani s 3.
Consequently, T-cell cross-reactivity between Pen m 1 and Der p 10 could not be supported by the
in vitro degradation outcomes. This suggests that tropomyosin-generated peptides, fated to be
loaded on class II molecules, may be transient and protected by binding to the complex, which

would otherwise be degraded rapidly under in vitro conditions.?’

From a clinical perspective, although avoidance of any shrimp-based foods can prevent further
sensitization and IgE-mediated reactions in shrimp-allergic patients, it is not known whether
environmental exposure to dust mite or insect-derived tropomyosin via inhalation, or to the fish
parasitic nematode Anisakis tropomyosin via ingestion, could lead to further priming and re-
stimulation of a shrimp-specific allergic response. T-cell cross reactivity has recently been
demonstrated for nut allergy, where cashew-specific CD4+ T cells from cashew-allergic subjects
can cross-react with tree nut allergens such as hazelnut and pistachios due to homologous T-cell
epitopes with high amino acid identity.?? Similarly, pollen-related food allergens were shown to
induce Bet v 1-specific T-cell responses in pollen-allergic subjects, which might perennially boost

IgE levels out of the pollen season due to consumption of such foods.3!

In summary, invertebrate tropomyosins do not share similar stabilities as a function of amino acid
sequence similarity. Protein stability differences may be the prime reason for differential
degradation and antigen presentation of various allergenic tropomyosins, leading to generation of

non-identical T-cell epitopes. Our study concludes that T-cell cross-reactivity among
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tropomyosins may be associated to their structural stability rather than amino acid sequence

similarity, which is more the case for IgE cross-reactivity of allergens.*

Shellfish allergy, particularly to shrimps, affects more than 3% of the population and is frequently
associated with life-long sensitivity and severe allergic reactions.’?34 Exposure to other
invertebrate sources such as house dust mites or insect-based food sources’>3¢ may put this
population at risk of developing severe allergies, even upon avoiding shellfish. It is important to
understand T-cell cross-reactivity among these invertebrate sources, and the risk of being cross-
sensitized. This study contributes to our understanding of different biophysical factors that play a
role in generation of tropomyosin T-cell epitopes, and may assist in the design of novel T-cell

peptide-based therapies designed to tackle shrimp allergy and other related allergen sources.
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Figure legends:

Figure 1: Invertebrate tropomyosins investigated in this study. (A) A homology model of
tropomyosin displaying the alpha-helical coiled-coil structure using a ribbon/space-fill model
(orange) and the patterns of sequence conservation shown using ConSurf model. (B) A
phylogenetic tree and percent identity grid for invertebrate tropomyosins investigated in this study.
(C) SDS-PAGE Coomassie-stained gel profile of purified tropomyosins. (D) Multiple sequence
alignment using Clustal Omega algorithm of Pen m 1, Der p 10, Bla g 7 and Ani s 3 showing
conserved amino acid residues. Pen m 1 IgE binding epitopes are denoted by red boxes.!> Yellow
boxes indicate Pen m 1 peptides 67 and 82 selected for T-cell cross-reactivity experiments. (E) IgE
grid immunoblotting using serum from shrimp-allergic patients (1-17) and one healthy donor (C1)

to demonstrate presence or absence of IgE co-sensitization to invertebrate tropomyosins.

Figure 2: Structural characterization of tropomyosins. Analysis of thermal stability of Pen m
1, Der p 10, Bla g 7 and Ani s 3 using (A) CD spectroscopy; observing changes in MRE at 222
nm, and (B) first derivative of MRE from 15 to 85<. Analysis of thermal stability by using (C)
DSF and (D) observing changes in heat capacity using (DSC) at pH 5.2 (dotted line) and pH 7.4
(solid line). (E) Analysis of tropomyosins by SEC-MALS indicated molar masses consistent with
essentially full occupancy of dimer at pH 7.4. The RI chromatograms on the left axis (thin lines)

while the evaluated molar masses shown with the right axis (thick horizontal lines)

Figure 3: Endolysosomal degradation of tropomyosins using the microsomal fraction of murine
dendritic cells (JAWS II) to mimic degradation in antigen presenting cells. Coomassie-stained
SDS-PAGE gel of time-dependent digestion products of tropomyosins over 48 hours; lane 1
indicates molecular ladder (A). Mass spectrometric sequencing of endosomal digestion-generated
tropomyosin peptides mapped against the whole amino acid sequence (numbered 1-284) for
tropomyosins under acidic condition at pH 5.2 (B) and pH 4.5 (C). Peptides generated at various
time-points are depicted in various colours (see colour key). Regions corresponding to the

immunoreactive Pen m 1 peptides; 67 and 82 are highlighted (dashed boxes).
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Figure 4: Peptide heat map depicting the intensity at pH 5.2 (A) and speed (B) of generation
of tropomyosin-derived peptides during the endolysosomal degradation assay under acidic
conditions. The heat map indicates the position and abundance of the generated peptides as
sequenced by mass spectrometric analysis, mapped against the full-length amino acid sequence of

the different tropomyosins.

Figure 5: Murine T-cell epitope mapping of Pen m 1. Immunoreactive regions of Pen m 1 were
mapped using overlapping 15-mer peptides with an offset of 3 amino acids. (A) Proliferating T-
cells were analyzed using CFSE dye-dilution method. B) IL-2 release in the supernatant was
measured using ELISA. Data are shown as mean with standard error of mean (SEM) for three
replicate cultures. The cut-off of three standard deviations above mean reactivity of medium-only
control wells is indicated by the dotted line (A, 3.98% proliferating cells or B, 103.2 pg/mL IL-2).
(C) A model of tropomyosin representing the amino acid sequence conservation between Pen m 1,
Der p 10, Bla g 7, and Ani s 3 generated using ConSurf conservation model in Chimera. The red
shaded regions indicate the two T-cell reactive regions of Pen m 1; peptide 67 and 82 selected for

this study that are also highly conserved among the four allergenic tropomyosins.

Figure 6: Murine T-cell cross reactivity to allergenic tropomyosins. T-cell cross-reactivity of
Penm 1, Der p 10, Bla g 7, and Ani s 3 to T cell hybridoma clones specific for peptide 67 and 82
was analyzed by measurement of IL-2 production upon exposure to protein, peptide controls or

medium. Data are shown as mean with standard error of mean (SEM) for three replicate cultures.

Supplementary Figure S1: A schematic diagram representing the 91 overlapping Pen m 1
peptides. Peptides that showed positive T-cell proliferation (red), IL-2 release (yellow) or both
(orange) are shown. Multiple sequence alignment of Pen m 1, Der p 10, Bla g 7 and Ani s 3 is
shown with non-identical amino acids highlighted in green. The amino acid sequences of peptides

67 and 82, that were chosen for generating the T-cell hybridomas, are highlighted in blue.
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Supplementary Figure S2: Peptide heat map depicting the intensity of tropomyosin-derived
peptides generated at different times during the endolysosomal degradation assay under acidic
conditions at pH 4.5. The heat map indicates the position of the generated peptides against the

aligned full length amino acid sequences of the different tropomyosins
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APPENDI X S1 (Supporting information)
Supplementary Materialsand M ethods
Cloning, expression and purification of tropomyosins

The codon optimized DNA sequences of the open reading frames were synthesized (Life
Technologies, Carlsbad, USA) and cloned into the expression vector pRSET-A (Life
Technologies, Carlshad, USA). The tropomyosins were expressed as recombinant proteins
using a bacterial expression system as described previously.! Briefly, chemically-competent
BL21 (DE3) RIPL E.coli cells were transformed using these plasmids at 40°C for 45 seconds
and grown overnight on LB agar medium. Protein expression was induced using 0.6 mM
IPTG for 4 hours at 37C, and after centrifugation of the culture, the cells were washed and

lysed using ultrasonication (Branson, Danbury, USA).

The recombinant proteins were purified from the bacteria lysate using IMAC affinity
chromatography and then further purified by size exclusion chromatography using a
Superdex 75 hiLoad column (GE Healthcare, Chicago, USA) with PBS, pH 7.2 as a mobile
phase. The purified proteins were finally desalted into 50 mM ammonium bicarbonate buffer
using a HiTrap desalting column (GE Healthcare, Chicago, USA), lyophilized and stored at

40C for further use.

IgE grid-immunoblotting

IgE recognition of the different tropomyosins was investigated using grid immunoblotting.?
One microgram of the purified protein in PBS, pH 7.2 was coated onto a nitrocellulose
membrane for one hour. After blocking the membrane with 2% casein blocking buffer
(Sigma Alrich, St Louis, USA), the membrane was incubated overnight at 4°C, with
shellfish-alergic patient or non-atopic control donor serum diluted 1:20 in casein blocking
buffer using the surf-blotting apparatus (Idea Scientific, Minneapolis, USA). After washing
with PBS/0.05% Tween-20, the membrane was incubated with rabbit anti-human IgE (Dako,
Santa Clara, USA) and subsequently with goat anti-rabbit 1gG conjugated to Dylight 800
(Thermo Fischer, Watham, USA). IgE binding to tropomyosin was visualized using an
Odyssey CLx infra-red imaging system (Licor, Lincoln, USA).
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Biophysical characterization of allergenic tropomyosins
Circular dichroism spectroscopy

The apha-helical structure of the tropomyosins was confirmed using circular dichroism
spectroscopy. The proteins were diluted from lyophilized stocks to 0.1 mg/ml in 10 mM
phosphate buffer, pH 7.2 and analyzed using a Jasco-J815 spectrophotometer (Jasco, Easton,
USA) in a cell with 1 mm path length and constant nitrogen flushing. The spectra were
recorded at 25°C from 180 nm to 260 nm with a step resolution of 1nm at a scan speed of
50nm/min. A total of five scans were accumulated for each spectrum.

To assess the thermal denaturation of the tropomyosins, protein samples were prepared in 10
mM phosphate buffer, pH 7.4 at a fina concentration of 0.1 mg/mL. A Jasco J-1500
spectrophotometer was used with a sample cell of 1 mm pathlength under constant nitrogen
flushing. The changes in alpha-helical content were monitored at 222nm from 5°C to 95°C

with 5° step-wise increments.

Tropomyosin samples were prepared from lyophilized material by dissolving directly in
50mM sodium phosphate, 150 mM NaCl pH 7.4 buffer at 1 mg/ml. Samples at pH 5.2 were
first dissolved at 5 mg/ml in ultrapure water and then diluted to 1 mg/ml in a final working
buffer of 50mM sodium acetate, 150 mM NaCl pH 5.2. In both cases samples were vortexed
to dissolve and centrifuged at 15000 rpm for 5 minutes using a bench top centrifuge before

use.
Differential Scanning Calorimetry

DSC of tropomyosin samples in PBS was performed using a Microcal CAP-DSC instrument
(GE Healthcare) in mid feedback mode. Protein concentration was 1 mg/ml and a scanning
rate of 2 °C/min between 5-105 °C was used. The repeatability of therma denaturation was
assessed by cooling and rescanning samples in the DSC. There was no evidence for
reversibly refolded material producing a rescan transition indicating the thermal denaturation

was an irreversible process.
Differential Scanning Fluorimetry (DSF)

Thermal denaturation was also followed using intrinsic protein fluorescence on a Nanotemper
Prometheus instrument. Tropomyosin samples at 1 mg/ml were loaded into standard
capillaries and scanned at 2 °C/min. The first derivative of the fluorescence emission ratio
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350/330 nm was used to follow denaturation and the presence of aggregation was evaluated
using back-reflected absorbance that is increased as any particles formed scatter light.

Size exclusion chromatography — Multiple angle light scattering

Tropomyosin samples at 1 mg/ml were first resolved on a Superdex-200 HR10/300 analytical
gel filtration column (GE Healthcare) at 0.5 ml/min in buffer before light scattering detection
on a Wyatt Heleos 11 18 angle light scattering instrument coupled to a Wyatt Optilab rEX
online refractive index detector (Wyatt Technology Corporation) in a standard SEC-MALS
format. Protein concentration was determined from the excess differentia refractive index
based on 0.186 RI increment for 1 g/ml protein solution. Concentrations and observed
scattered intensities at each point in the chromatograms were used to calculate the absolute
molecular mass from the intercept of the Debye plot, using Zimm formalism as implemented
in Wyatt’s ASTRA software.

Endolysosomal degradation and M ass spectrometric analysis

The pool of peptides generated in the degradation assay was assessed by SDS-
PAGE/coomassie staining and mass spectrometry using a Q-Exactive Orbitrap Mass
Spectrometer (Thermo Fisher Scientific, Bremen, Germany) and nano-HPLC (Dionex
Ultimate 3000, Thermo Fisher Scientific). Prior to chromatography, samples were desalted
with C18 ZipTips (EMD Millipore, USA) according to the manufacturer’s instructions.
Chromatography was performed with an Acclaim PepMap RSLC column (75 pm x 215 cm,
Dionex) using an acetonitrile gradient (Solvent A: 0.1% (v/v) formic acid; solvent B: 0.1%
(v/v) formic acid/80% (v/v) acetonitrile; 5-45% B in 60 min) at a flow rate of 300 nL/min at
55°C. The HPLC was directly coupled via nano electrospray to the mass spectrometer.
Capillary voltage was 2 kV, and the instrument was tuned to maximum sensitivity. For
peptide assignments, a top 12 method was used with the normalized fragmentation energy at
27%. Peptides were identified using PEAKS Studio 8.5 (Bioinformatics Solutions, Waterloo,
ON, Canada). Searches were conducted with single allergen sequences and only peptide hits

with high confidence scores (—101gP > 35) were considered.
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Mapping murine T-cell epitopes of Pen m 1

Female BALB/c mice (Janvier Labs, Le Genest-Saint-Isle, France) were immunized 3 times
with a 2-week and a 4-week interval in between, respectively, by subcutaneous injection of
10 pg purified recombinant Pen m 1 adjuvanted with AI(OH)3 (Alu-Gel-S, Serva,
Heidelberg, Germany, 50%v/v) in endotoxin-free PBS (200 pL total volume). Three weeks
after the 3rd immunization, mice were killed and spleens and axillary and inguinal lymph
nodes were harvested. All animal experiments were performed in accordance with EU
Directive 2010/63/EU and approved by the Austrian Ministry of Education, Science and
Research, permit number BMWF-66-012/0024-11/3b/2016. Following preparation of single
cell suspensions, red blood cells were lysed and lymphocytes were stained with CFSE
(eBioscience, San Diego, USA) according to the manufacturer’s instructions. Briefly, 5x10°
pooled spleen and lymph node cells from each mouse were incubated with CFSE in 10 mL
warm DPBS at a concentration of 1 uM for 10 min in a 37°C water bath. Labeling was
stopped by addition of 10% FCS. After two washing steps with DPBS, lymphocytes were
cultured in MEM supplemented with 1 mM L-glutamine, 1% FCS, 1xPenStrep, 1 mM
sodium pyruvate, 20 mM HEPES, 1x non-essential amino acids, 50 uM B-mercaptoethanol at
2x10° cells per well in U-bottom tissue culture plates (Greiner, Kremsmiinster, Austria) with
individual peptides from the 15mer library (Mimotopes, Melbourne, Australia) with an offset
of 3 amino acids (final concentration 10 pug/mL) or recombinant full-length Pen m 1 (20

pg/mL) in triplicate cultures.

After 7 days of incubation, culture supernatants (50 pL/well) were carefully removed and
stored at -20°C for analysis of IL-2 production. Cells were resuspended in the remaining
medium, transferred to V-bottom plates and stained in DPBS for 10 min at RT with fixable
viability dye eFluor 780 (1:5000, eBioscience) followed by anti-mouse CD4 PerCP/Cy5.5
(2:200, BioLegend, SanDiego, USA, clone GK1.5) in FACS buffer (PBS, 1%BSA, 2 mM
EDTA), and finally analyzed on a FACSCanto Il flow cytometer (BD Biosciences, San Jose,
USA). Proliferating cells among live CD4+ T cells were identified by their reduced
fluorescence on the FITC channel. Measurement of IL-2 in culture supernatants as a correlate
of T-cell activation was performed using an ELISA MAX mouse IL-2 set (BioLegend)
according to the manufacturer’s instructions. Peptides were considered immunoreactive if the
percent T-cell proliferation or IL-2 release was greater than three standard deviations above

the mean of medium-only control wells.
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Peptide immunization and generation of Pen m 1 peptide-specific T-cell hybridomas

To generate specific T-cell responses against regions with high (93-100%) amino acid
conservation between Pen m 1, Der p 10, Blag 7, and Ani s 3, which aso induced T-cell
reactivity, immunization with individual peptides 67 and 82 was performed. Mice were first
immunized with peptide in complete Freund’s adjuvant. Emulsions were prepared in 1 mL
syringes by mixing 125 uL complete Freund’s adjuvant with 125 yuL PBS containing 200 pg
of peptide and vigorously shaking for 6 h on a shaker. Animals received two subcutaneous
injections on their backs and emulsions were distributed by massage. Immune responses were
boosted twice at 10-day-intervals with peptides adjuvanted with incomplete Freund’s
adjuvant. To this end, a mixture of 850 pL Bayol F and 150 uL Aracel A was prepared. 125
ML thereof were filled into the syringes followed by 125 uL PBS and 200 pg peptide. Again,
the syringes were shaken vigorously for 6 h prior to subcutaneous injection. Five days after
the third immunization, mice were killed and spleens, axillary and inguina lymph nodes were
harvested. Following preparation of pooled single cell suspensions for each mouse and lysis
of red blood cells, lymphocytes were cultured in Opti-MEM (Gibco), 5% FCS, 1x PenStrep,
with the respective peptide used for immunization at a final concentration of 3 pg/mL. One
week later, peptides were removed by washing and cells incubated with 20 U/ml recombinant
human IL-2 for another week. After removal of IL-2 by washing, T cells were co-cultured
with syngeneic mouse GM-CSF bone marrow derived dendritic cells (BMDCs) (10:1 ratio) in
the presence of 5 pg/mL of the respective peptide. On day 4, T cells were harvested and fused
with mouse thymus lymphoma cell line BW5147.G.1.4 (ATCC) according to standard
protocols for generation of T-cell hybridomas.® The hybridomas were cloned at least three

times using single cell sorting on the FACS Arialll to achieve 100% clonality.
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Supplementary Table S1: Details on serum-based shrimp-specific and HDM-specific IgE
levels and associated clinical symptoms for shellfish-allergic patients recruited for this study

Slot lg& SR AT ] Clinical symptoms
(kU/L) (KUA/L) (kUA/L) or SPT

1 199 10.10 8 mm (SPT) Anaphylactic, Iet)éf swelling, ora
2 3401 6.65 >100 Urticaria, Angioedema
3 127 1.65 0.09 Lip swelling on contact
4 242 1.32 11 mm (SPT) Urticaria on handling
5 288 9.82 2.66 Facial oedema, red rash
6 183 6.84 31.70 NR
7 579 3.63 5.03 Oral/ hand contact
8 266 17.2 NT Ord
9 227 9.81 16.80 Angiodema
10 1946 9.50 14.10 Ord
11 323 21.60 NT Urticaria
12 391 14.10 71.40 Oral
13 449 5.42 40.20 Anaphylaxis, angioedema
14 322 6.73 6.90 Anaphylaxis, urticaria
15 3424 >100 22.00 Angiodema, hives
16 1665 12.6 NT Oral itch, exercise
17 32 5.05 NT Itchy and tight throat

NT — Not tested, NR — Not recorded, SPT — Skin prick test
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