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Abstract

Background: Despite all the efforts made up to now, the reasons that facilitate a
protein becoming an allergen have not been elucidated yet. Alt a 1 protein is the
major fungal allergen responsible for chronic asthma, but little is known about its
immunological activity. Our main purpose was to investigate the ligand-dependent
interactions of Alt a 1 in the human airway epithelium.

Methods: Alt a 1 with and without its ligand (holo- and apo- forms) was incubated
with the pulmonary epithelial monolayer model, Calu-3 cells. Allergen transport and
cytokine production were measured. Pull-down and immunofluorescence assays
were employed to identify the receptor of Alt a 1 using the epithelial cell model and
mouse tissues. Receptor-allergen-ligand interactions were analyzed by computa-
tional modeling.

Results: The holo-form could activate human monocytes, PBMCs, and polarized air-
way epithelial (Calu-3) cell lines. The allergen was also transported through the mon-
olayer, without any alteration of the epithelial integrity (TEER). Alt a 1 also induced
the production of proinflammatory IL8 and specific epithelial cytokines (IL33 and
IL25) by Calu-3 cells. The interaction between epithelial cells and holo-Alt a 1 was
found to be mediated by the SLC22A17 receptor, and its recognition of Alt a 1 was
explained in structural terms.

Conclusions: Our findings identified the Alt a 1 ligand as a central player in the in-
teraction of the allergen with airway mucosa, shedding light into its potential role in
the immunological response, while unveiling its potential as a new target for therapy

intervention.
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Alt a 1, Alternaria alternata, fungal allergen, human airway epithelium, solute carrier family 22
member 17 receptor
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GRAPHICAL ABSTRACT

Alt a 1 is released from Alternaria alternata spores in complex with its native ligand, being recognized by the Solute carrier family 22 member
17 receptor. Production of cytokines IL25 and IL33 occurs only in the presence of the ligand, being abolished with specific antibodies against
Solute carrier family 22 member 17. Alt a 1 shows structural relationship with human siderocalin mimicking its airway entry route.

1 | INTRODUCTION

Allergy results from aberrant immune responses to environmental
proteins.! Although the proteins that induce allergy represent a
small fraction of all those to which people are usually exposed, al-
lergy is a common phenomenon. Within a particular extract, there
are dominant proteins, major allergens that sensitize most of the al-
lergic patients. There is still no answer to the question of why certain
proteins are more prone to become allergens. The nature of the al-
lergens and their interactions with innate immune system should be
highly relevant in this process. In fact, only a limited number of pro-
tein families are known to be able to induce allergic sensitization.?3
Besides, there is increasing evidence that points to the existence of
conserved conformations with similar biological function in allergens
which could be relevant in the elicitation of allergic sensitization.**
Alternaria alternata has been described as the most import-
ant mold agent associated with respiratory allergies and severe
asthma,®’ especially in children.®® The most intense exposure to
A. alternata allergens is likely to occur outdoors; however, Alternaria
and other allergenic fungi can colonize indoor environments and
thereby increase the fungal aeroallergen exposure levels. A con-
sequence of human exposure to fungal aeroallergens, sensitization
to A. alternata, has been unequivocally associated with increased
asthma severity and persistence.’®*? In South Europe, over 20% of
the patients with a history of respiratory allergy showed sensitiza-
tion to Alternaria,'® being Alt a 1 the most prevalent allergen.®”41>
Alt a 1 is a heat-stable, 30 kDa homodimer that dissociates into
14.5- and 16-kDa subunits under reducing conditions.*® The crys-

tal structure of Alt a 1 shows an all-p architecture composed of 11

B-strands arranged in the form of a single p-barrel which does not

).1* We have re-

have equivalents in the Protein Data Bank (PDB
cently demonstrated that the tetramer of Alt a 1 assembles only in
the presence of a methylated flavonol ligand produced by Alternaria,
with similar properties to quercetin, a plant flavonol. Thus, Alt a 1
can change its aggregation state, from a tetramer as holo-form in
the presence of its ligand to a dimer as apo- form in the absence of
its ligand. 1718

It has been already accepted that ligands carried by allergens,
or exposed together, might influence the host response to the spe-
cific allergen. Thus, immune-regulatory ligands could significantly
contribute to the allergenicity of several proteins.19 All of these
molecules transported by potentially allergenic proteins are sug-
gestive candidates as nonself structures recognized by the innate
immune system with potential capability of inducing Th2-skewed
responses, which contribute to allergic sensitization in susceptible
individuals.®

Little is known regarding the immunological properties of
Alt a 1 and the putative role played by its catechol ligand in the
immunological activity of this protein. Catechol (o-benzenediol)
moiety is a constitutive part of a great number of flavonol-type
compounds such as the ligand of Alt a 1 whose chemical nature
was recently identified by our group.17 Catechols are instrumental
in chelating iron as well as in participating in antioxidant reactions,
both types of processes that, as discussed below, may be related
with the immunological activity of the Alternaria allergen. The
mechanisms of Alt a 1 sensitization are still poorly understood,
and most data have focused on allergic reactions of the respiratory

tract rather than on the initial steps of allergic sensitization. The
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principal goal of our study was to investigate the interactions of
Alt a 1 with the airway epithelium, testing the transport kinetics of
the allergen, and the epithelial response, measuring its integrity by
means of transepithelial electrical resistance (TEER) and cytokine
production, as well as the pathway for entry of Alt a 1 into cells.
Our results indicated that Alt a 1 is prone to induce proinflamma-
tory responses through interaction with the solute carrier family
22 member 17 (SLC22A17) receptor. The SCL22A17-Alt a 1 inter-
action demonstrated in the current work could provide essential
clues to unveil the entry route of this fungal allergen in the initial
stages of processes which in turn lead to respiratory allergic re-
sponses and severe asthma.

2 | MATERIAL AND METHODS

2.1 | Production of recombinant Alt a 1 and
isolation of its ligand

Recombinant Alt a 1 (rAlt a 1) was produced in Pichia pastoris and
purified from the supernatant media. After dialysis, it was purified
by two chromatographic steps: molecular exclusion followed to re-
verse phase. The protein purity was tested by anti-Alt a 1 antibodies
(Roxall Medicina Espafa SA) and MALDI-ToF, and its identity was
verified by peptide-mass fingerprint, using standard methods. The
presence of endotoxin was tested using the Pierce LAL Chromogenic
Endotoxin Quantitation Kit (Thermo Scientific). The immunological
activity of the recombinant protein was compared to native protein
by immunodetection by ELISA using allergic patients sera (n = 10;
kindly selected by Dr Bartra Clinic Hospital of Barcelona, Spain);
by quercetin binding and staining with DPBA,; and finally by THP1-
XBlue-CD14™ activation.

The natural ligand of Alt a 1 was extracted as previously de-
scribed.'® Briefly, the ligand was purified from a pulverized mixture
of mycelium and spores of Alternaria, and dissolved in ethanol 70%.
The mixture was left for 1 hour in agitation at room temperature.
The catechol ligand was purified by HPLC (Nucleosil 120 C18,
250 x 4 mm) with an acetonitrile gradient (10%-85% in 30 minutes).
Spectra were recorded at 254 nm, and the peaks were analyzed by
DPBA staining.

Thus, whereas the apo- form of Alt a 1 corresponded to purified
recombinant protein, its holo-form resulted from incubation of the
apo- form and the Alt a 1 ligand (4:1 mol/mol).

2.2 | Lymphocyte transformation test (LTI) with
peripheral blood mononuclear cells (PBMCs)

Buffy coat (cell-enriched plasma) samples were obtained from 4
healthy donors at the Transfusion Centre (Madrid, Spain) for iso-
lation of PBMCs. PBMCs were isolated using a density gradient
centrifugation on Lymphoprep (Axis-Shield, Oslo, Norway) and
cultured (2 x 10° cells/well) in the presence of both holo- and apo-

forms of Alt a 1 (5 pg/mL) in RPMI media (Invitrogen). Proliferation

was represented as percentage in the increase in the cell num-
ber (PBMCs with antigen) referred to the control (PBMCs without

antigen).

2.3 | THP1-XBlue-CD14™ activation

The transfected cell line THP1-XBlue-CD14™ (Invivogen, France)
derived from the human monocytic THP1 cell line was used accord-
ing to the manufacturer’s instructions. Results were expressed as
stimulation index (Sl) calculated as the ratio between stimulated and
nonstimulated cells.

2.4 | Transport of Alt a 1 through the human airway
epithelial cell model

Calu-3 epithelial cell line (ATCC) was grown in 24-well Transwell®
inserts (Inc) in supplemented DMEM-F12 medium (Lonza). The
monolayer was considered formed when the TEER reached plateau
exceeding 300 Q cm? and was confirmed by anti-tubulin-specific
polyclonal antibody (1:100; Invitrogen).

Alt a 1 transport was quantified by ELISA, using the basolateral
media and anti-Alt a 1 antibodies. Bio-Plex ProTM Assays (Bio-Rad
10014905) were used to measure cytokine production (IL1, IL13,
IL8, eotaxin, and IFN-y). Epithelial cytokines (IL25 and IL33) were
quantified using Cusabio kits (Wuhan, China).

The inhibition of transport was carried out adding anti-SLC22A17
antibodies (1 pg/mL) 10 minutes before adding holo-Alt a 1.

2.5 | Pull-down immuno-assays

Dynabeads® M-280 Tosylactivated (Invitrogen) was conjugated with
holo-Alta1(0.2 ug/uL) or with specific antibodies against SLC22A17
(0.2 pg/uL; PA5-20543; Thermo Fisher). Cell lysates were obtained
using RIPA buffer (20 mmol/L Tris-HCI (pH 7.5); 150 mmol/L NaCl;
1 mmol/L Na2EDTA; 1% NP-40; 1% protease inhibitor), and the
soluble fraction was quantified by Bradford method and tested by
SDS-PAGE.

For pull-down, the functionalized nanoparticles were incubated
with Calu-3 cell lysate (0.01 pg/ulL) at 4°C overnight. After centrif-
ugation, the pellet was extensively washed and resuspended in de-
naturing Laemmli buffer. Samples were run into a 15% SDS-PAGE.
In the case of Alt a 1 beads, the retained 65 kDa band was cut and
identified by peptide fingerprint-mass spectrometry (UCM; https
://www.ucm.es/gyp/proteomica) and confirmed by immunodetec-
tion with specific antibodies against SLC22A17. In the case of anti-
SLC22A17 beads, the identity of the retained bands was confirmed
by anti-Alt a 1 antibodies.

Lysates from the human cell lines Calu-3 (lung epithelial,
ATCC® HTB-54), HaCaT (epidermal keratinocytes, ATCC® HB-241),
Caco-2 (epithelial colon, TCC® HTB37™), THP1 (monocytes, TCC®
TIB-202™), and human PBMCs (n = 8) were also used for immunode-

tection with specific antibodies against the SLC22A17.


https://www.ucm.es/gyp/proteomica
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2.6 | Solute carrier family 22 member 17 receptor
immunofluorescence

For immunofluorescence assays, Alt a 1 was labeled with Alexa 647
(Alexa Fluor™ 647 Antibody Labeling Kit; Thermo Fisher) and added to
apical size of monolayer of Calu-3 epithelial cells, as holo- or apo- forms,
for 5 minutes. Then, cells were fixed and incubated with SLC22A17
antibody. The specimens were mounted with ProLong Gold (Thermo
Fisher) with DAPI, and images were obtained using a Leica TCS-SP8
confocal microscope using 488-nm and 633-nm laser excitations.

Healthy 8-week-old BALB/c female mice were obtained from
the breeding colony (Charles River Laboratories) and used with the
permission of the Institutional Animal Care and Use Committee
from Community of Madrid (Ref. PROEX 392/15). This research was
conducted in compliance with the Guide for the Care and Use of
Laboratory Animals published by the OPRR (Office for Protection
against Research Risks) of the US National Institutes of Health,
Washington, DC (NIH Publication No. 85-23, revised 1985). Mice
were maintained in the 1IS-Fundacion Jiménez Diaz (Madrid, Spain)
until they were killed, which was performed in a suitable CO, cham-
ber for rodents, in compliance with the current European legislation.
For immunolocalization assays, mice lungs were fixed in 4% PFA and
maintained in 0.1% PFA until its inclusion in paraffin. After that, the
same protocol explained above was carried out. The inhibition of the
Alt a 1-SLC22A17 binding was carried out by adding human sidero-
calin (SRP6465; 1 pg, Sigma-Aldrich) 10 minutes before adding the
holo-form.

2.7 | Structures, docking calculations, and
estimates of protein-protein binding affinity

Since no experimental structure is available for the SLC22A17,
a model was constructed with I-TASSER.2>?! The best C-score
(-1.44) model was selected. Complexes of this model structure of
SLC22A17 with the tetrameric assembly of the crystal structure of
Alt a 1 were obtained in protein-protein docking calculations with
RosettaDock.?? The PDB entry 1QQS% was used for human sidero-
calin, and the biological assembly of the PDB entry 3VOR was
used for tetrameric Alt a 1. The systems were prepared with VMD?*
and minimized at 10 000 conjugate gradient steps with NAMD?’

using the CHARMM3.6 proteins force field.?® These water-opti-
mized structures of complexes were then submitted to PRODIGY?’
to estimate protein-protein binding AG affinities and dissociation
constants. Molecular graphics were prepared and rendered with
PyMOL-2.2.0 (The PyMOL Molecular Graphics System, version 2.0
Schrédinger, LLC) and ChimeraX-0.6.28

Structural comparison between Alt a 1 and human siderocalin
was computed using three reliable structural alignment methods:
FATCAT,29 CE,30 and TM—AIign.31 The structural similarity was thus
quantified by their scoring parameters: P-value, Z-score, and TM-
score, respectively.

2.8 | Statically analysis

For the analysis of PBMC and THP1 assays, the statistically signifi-
cant differences were analyzed by GraphPadé using Kruskal-Wallis
test with Dunn’s correction for multiple comparisons. P-values
<0.05 were considered significant for all assays. The difference in
the cytokine production was analyzed using the two-way ANOVA
with Bonferroni correction for multiple comparisons. P-values <0.05

were considered significant.

3 | RESULTS

3.1 | The catechol-like ligand of Alta 1 is
responsible for the activation of antigen-presenting
cells

Given the difficulty to obtain native ligand-free Alt a 1, we produced
the apo- form of Alt a 1 as a recombinant protein using Pichia pasto-
ris. Therefore, we first set to characterize the recombinant protein
and compare it to the native one (Figure 1A-D). Different biological
and immunological assays were performed: In all cases, the recombi-
nant protein showed the same activity as the native. To confirm the
absence pollutants, the purified recombinant protein was dissolved
in methanol 70%, and the supernatant was loaded on a silica plate
and stained with DPBA (specific staining for flavonols). As seen in
Figure 1E, nothing was detected in the supernatant of purified rAlt
a 1. The holo-form of Alt a 1 was then obtained by mixing the apo-
form with the natural ligand from Alternaria (4:1 mol/mol).

FIGURE 1

Immunological activity of rAlt a 1. A, Alt a 1 was produced as recombinant protein in the yeast Pichia pastoris. The Coomassie

staining (Coomassie) and immunodetection with specific antibodies against Alt a 1 (WB) can be observed. B, IgE binding comparison between
native (native) and recombinant (recombinant) Alt a 1 by ELISA. Sera (n = 6) of Alternaria patients were kindly provided by Dr J Bartra (H
Clinic, Spain).OD to 492 was represented. C, Comparison of binding capacity between native (nhative) and recombinant (recombinant).
Quercetin (Q4951, Sigma-Aldrich) was used as ligand. The % of the binding was represented as: 100 x [1 - (OD,,,, Alt a 1)/(0OD,,, 0%
binding)], being 0% binding the absorbance obtained with free quercetin. D, Comparison of the activation capacity of THP1 cells for native
(holo-native) and recombinant (holo-recombinant) proteins. Activation of NF-kB/AP-1 was revealed with QUANTI-BIueW All results expressed
as stimulation index calculated as ratio between stimulated and nonstimulated cells. E, Quality control. Dot blot of the recombinant Alta 1,
after dissolved it in methanol 70% (apo- form) and its ligand after staining with DPBA measured as fluorescence at 354 nm. F, Proliferation
assays of human PBMCs (n = 8, two biological replicates) incubated with catechol-like ligand and both forms of Alt a 1 (holo- and apo- form;
5 pg/mL). After 5 d, the proliferation of PBMCs was counted with a hemocytometer. The % of proliferation is represented. G, NF-kB/AP-1
activation was measured using the transfected cell line THP1-XBlue-CD14™ (n = 6). Cells were incubated with the catechol-like ligand and
both forms of Alt a 1 (holo- and apo- forms; 5 pg/mL). Means and SE (bars) are shown. *P < 0.05
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Thus, when human PBMCs (n = 8) were cultured with holo-
and apo- forms, significant differences were found. PBMCs pro-
liferation was higher in the presence of the ligand (Figure 1F;

P < 0.05), although apo-form and the ligand could also induce
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it. In contrast, only the holo-form was able to activate the THP1
cell line (human monocyte cells) (Figure 1G; P < 0.05), whereas
this activation was not seen when the ligand or the protein were

added separately.
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FIGURE 2 |Interaction between Alt a 1 with respiratory epithelial cell model (A, B) Calu-3 cells were grown on Transwell®. Stability

of the monolayer was tested by TEER measurement (A) and the polarization by staining with anti-p tubulin IV (B). C, Kinetic of transport
through polarized monolayer of Alt a 1, in holo- and apo- forms, to basolateral side. D-F, Proinflammatory response of epithelium monolayer
incubated with both forms of Alt a 1 as cytokine production measured in the basolateral side: IL8 (D); IL25 (E), and IL33 (F). Means and

SE (bars) are shown. Statistics shows the significant differences between the holo- and apo- forms in cytokine production. *P < 0.05; **

P <0.001
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FIGURE 3 Alta1interacts with the SLC22A17 in the presence of its catechol-like ligand. A, Pull-down assays. Alt a 1 fixed to M-280
Tosyl Dynabeads was incubated with Calu-3 cell lysate. After extensive washes, beads were loaded into SDS-PAGE, stained with Coomassie
(first 5 lanes), and immunodetected with antibodies against SLC22A17 (last 3 lanes). Holo-Alt a 1 and Calu-3 lysate can be seen stained

by Coomassie. As control of pull-down, beads without incubation and beads incubated to Calu-3 lysate without Alt a 1 can be observed.

B, Pull-down assay by fixed anti-SLC22A17 antibodies to M-280 Tosyl Dynabeads and incubated with Calu-3 lysate. After that, beads

were incubated with holo-Alt a 1. The result of pull-down was separated by SDS-PAGE under denaturing conditions, visualized with
Coomassie (Coomassie) staining, and the presence of Alt a 1 was confirmed using specific polyclonal antibodies (Western Blot). C, Kinetics
of transport of holo-Alt a 1 to basolateral side, through Calu-3-polarized monolayer pre-incubated with antibodies against SLC22A17. D
and E, Proinflammatory response of epithelium monolayer pre-incubated with antibodies against SLC22A17 and holo-Alt a 1, measured as
production of IL25 (D) and IL33 (E). Means and SE (bars) are shown. Statistics shows the significant differences between the holo- and apo-
forms in cytokine production. *P < 0.05; ** P < 0.001. F, Immunodetection of SLC22A17. Confluent cultures of different cell lines (HaCaT,
Calu-3, Caco-2, and THP1) and human PBMCs were lysed and separated by SDS-PAGE. The lysed extracts were tested by staining with
Coomassie (Coomassie) and the presence of the receptor by immunodetection with specific antibodies against the SLC22A17 (Western blot)
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So, the presence of the catechol-like ligand of Alt a 1 is essential

for its immunological activity.

3.2 | Alta1induces a proinflammatory response in
an epithelial cell model

To study the interaction between airway epithelium and Alt a 1, Calu-3
cells were grown in transwell to form a polarized monolayer with a stable
TEER measurement and ciliogenesis development (Figure 2A, B). Holo- or
apo-Alt a 1 was added on the apical side of the monolayer and TEER was
measured (Figure 2A, Start-End) during this time, observing that the in-
tegrity of the monolayer was not affected by the presence of the allergen.

Onthe other hand, both apo-and holo-forms of Alta 1 were able to
pass through the monolayer (Figure 2C) reaching the basolateral side

also inducing the production of proinflammatory cytokines such as

IL8 (Figure 2D) with no differences between both forms. In contrast,
the presence of the catechol-like ligand increased the expression of
IL25, but not IL33 (Figure 2E, F; P < 0.05). Therefore, the binding of

Alt a 1 significantly promotes a proinflammatory environment.

3.3 | The holo-form of Alt a 1 interacts
with SLC22A17

To study the interaction between Alt a 1 and the airway epithe-
lium, immunoprecipitation assays were carried out in two different
ways. Alt a 1 was immobilized on magnetic beads and incubated with
Calu-3 cell lysates. As shown in Figure 3A, a band of 60 kDa was de-
tected. The band was identified and confirmed by specific polyclonal
antibodies (Figure 3A), as SLC22A17 (Q8WUGS5), the receptor of the

human siderocalin protein.32 In order to assure the specific binding

DAPI Alta1

SLC22A17

Merge

DAPI a-rat 1gG

FIGURE 4

Immunolocalization of Alt a 1 in airway mucosa. Alexa 647-labeled Alt a 1 (1 pg; red), in holo- and apo- forms, was added to

polarized Calu-3 monolayer. After 5 min, cells were fixed with paraformaldehyde 4% and the location of the SLC22A17 was revealed by
specific antibodies (green). DAPI (blue) and 488-labeled anti-rat I1gG (1 pg) was used as control. Bar: 20 microns
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of the receptor and Alt a 1, the immunoprecipitation was repeated To better characterize the specificity of the interaction between
with anti-SLC22A17 bound to magnetic beads and incubation with Alt a 1 and SLC22A17, we used inhibition assays aiming to block Alt
cell extract and Alt a 1. The interaction was confirmed using specific a 1 transport through the monolayer and analyzed the inhibition in
antibodies against Alt a 1 (Figure 3B). cytokines release (Figure 3C-E). As it can be seen, the absence of

DAPI

o
Q
<l:..

Holo-

Siderocalin
+ Holo

DAPI a-rat |

FIGURE 5 Immunolocalization of Alt a 1 in mouse lung. A, Lung sections from naive mice were fixed with paraformaldehyde 4% and
incubated with Alexa 647-labeled Alt a 1, apo- and holo-forms (red). SLC22A17 antibody (green) was added. B, Inhibition assay by pre-
incubating with siderocalin and following the same protocol as in a). C, DAPI (blue) and 488-labeled anti-rat IgG (1 pg) was used as control.

Bar: 50 microns
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active SLC22A17 reduced, even abolished, the transport and the
production of IL25 and IL33.

Finally, we wanted to study the presence of SLC22A17 using
different epithelial cell types. As it can be noticed in Figure 3F, the
presence of SLC22A17 bands was found in HaCaT and Calu-3 cell
lines, but it was observed neither in intestinal Caco-2 cells nor in
immune-derived cells such as THP1 and PBMCs.

3.4 | The presence of the catechol-like ligand of
Alt a 1 is necessary for interaction with SLC22A17 in
epithelial cells

The interaction of Alta 1 with SLC22A17 was also confirmed by means
of immunohistochemistry. In the airway epithelial Calu-3 cell model,
Alexa 647-labeled holo-Alt a 1 (Figure 4) co-localized with SLC22A17
(Figure 4; Alexa 488), whereas no co-localization was observed in the
absence of the ligand (Alexa 647-apo- form; Figure 4, “Apo-").

The same result was observed using mouse lung sections
(Figure 5A). Holo-Alt a 1 then immunolocalized in the alveolar re-
gions, co-localizing with the SLC22A17. This co-localization was
not observed when lung sections were pre-incubated with sid-
erocalin, as the natural ligand of the receptor competes with the
allergen and acts as an inhibitor of this union. Thus, this feature
demonstrates the specific binding of Alt a 1 to the SLC22A17 re-
ceptor (Figure 5B).

3.5 | Insilico analysis suggests an interaction
model of holo-Alt a 1 with the SLC22A17

The preceding assays were complemented with in silico studies on
the optimized structures of SLC22A17-Alt a 1 and SLC22A17-si-
derocalin complexes (Figure 6). Our model structure of the receptor
shows an all-a architecture with a large transmembrane central heli-
cal bundle, an intracellular small helical domain (residues ~ 230-290),
and two extracellular loop regions that span residues ~70-100 and
~380-400 (marked “1” and “2,” respectively, in Figure 6B) and locate
at opposite sides of the extracellular surface (Figure 6A, B).

As said above, the holo-form of Alt a 1 is a stable tetramer.}718
For its interaction with SLC22A17, computational modeling pro-
vided a nearly symmetrical arrangement of the tetramer on top of
the receptor whose extracellular domains make two interface re-
gions with two subunits of Alt a 1 (Figure 6A). Interestingly, these
contact regions are located just below the binding sites of the ligand
in tetrameric Alt a 1 (Figure 6A). PRODIGY calculations predicted
a SLC22A17-Alt a 1 tetramer binding affinity AG = -6.9 kcal/mol,
which corresponds to a dissociation constant K, = 8.6 pmol/L.

The same computational procedure applied to the SLC22A17-
siderocalin complex predicted a geometry in which the monomeric
lipocalin binds to the N-terminal extracellular domain of SLC22A17
(Figure 6B). This optimized structure shows that the interaction
occurs at the calyx of siderocalin. PRODIGY results gave for this
complex a binding affinity AG = -9.3 kcal/mol, that is, a dissociation
constant K, = 0.16 umol/L. Our structural model confirms recent
experimental results obtained with different biophysical techniques
for the interaction between the 105-residue N-terminal domain of
SLC22A17 and siderocalin.®? Although no structure of SLC22A17 was
considered in that report, solution state nuclear magnetic resonance
(NMR) indicated that SLC22A17 binds in the calyx of siderocalin, and
thermodynamic isothermal titration calorimetry (ITC) and microscale
thermophoresis (MST) data gave a 1:1 stoichiometry with affinity
Ky =10 £ 2 pmol/L (ITC) and 6.6 + 1.3 umol/L (MST).2! It should be
emphasized that these K, values were obtained for a SLC22A17-sid-
erocalin complex in which only the N-terminal fragment composed of
the first 105 amino acids of SLC22A17 was present. In contrast, our
computational K, values refer to models of the complete structure of
SLC22A17 and therefore include binding contributions arising from
other surface regions in the extracellular domain of the SLC22A17
(segments marked “1” in Figure 6B) such as the segment composed of
polar residues 5150, S151, and T152 (data not shown).

3.6 | Alta1bears structural resemblance to
siderocalin

The interaction between SLC22A17 and Alt a 1 might hint at some
structural relationship between the allergen and siderocalin. Using
the three different algorithms indicated in Material and Methods
that implement completely different approaches to the structural
alignment problem, the comparison between the structures of both
proteins yielded the following scores: FATCAT P-value = 0.01, CE Z-
score = 3.70, and TM-Align TM-score = 0.400. According to their sig-
nificance ranges,3o’31'33 the three methods therefore predict a weak yet
statistically significant resemblance. The superposition of Alt a 1 and
siderocalin (CE result, Figure 6C) shows that both proteins share the ar-
rangement of B-strands in the p-barrel, which is very likely a key struc-
tural feature in the common recognition of both proteins by SLC22A17.

4 | DISCUSSION

1718:3435 and the evi-

According to the results gathered by our group
dence reported in the literature in recent years,36 it can be hypoth-

esized that the presence of ligands carried by some allergen proteins

FIGURE 6 A, Modelstructure of SLC22A17-tetrameric Alt a 1 complex. Top: Surface representation with transparency to show
backbones in the cartoon representation. The ligand of Alt a 1 is depicted under the surfaces as sticks with light green carbons. SLC22A17
is colored green, and the membrane scheme indicates approximately the extent of its transmembrane helical domain. Bottom: Upper view
of the same complex in cartoon representation. The receptor is shown below the four chains of the allergen, and the ligand of Alta 1 is
depicted as in a. B, Model structure of SLC22A17-siderocalin complex in cartoon representation. Loops’ regions marked with yellow arrows
are N-term (“1”) and C-term (“2”) extracellular recognition domains of the receptor. C, Cartoon representation of the structural superposition
of human siderocalin (orange) and Alt a 1 (blue) proteins computed with the CE method
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FIGURE 7 Proposed model for the molecular mechanism followed by Alt a 1 to cross through the airway epithelium. See text in

Discussion 3.2

may be of paramount importance in the allergic sensitization. Those
ligands, despite of having different structures, can be recognized by
specific epithelial receptors, activating the innate immune system,
thus leading to allergic sensitization in susceptible individuals. In the
case of Alt a 1, the major fungal allergen from A. alternata respon-
sible for a number of respiratory allergies and severe asthma,*” the
protein is released from fungus spores in a tetrameric state that only
is assembled in the presence of a flavonol ligand that includes a cat-
echol group.t”*®

In this work, we aimed to elucidate the interactions between
the Alternaria allergen and human airway epithelium. Our data show
that when Alt a 1 was added on the apical side of a polarized epi-
thelial monolayer, it was transported, regardless of the presence of
its catechol-like ligand. In contrast, Alt a 1 interacted with a cellular
receptor only in the presence of its ligand, that is, only in its holo-
form. Our study identified this receptor as the solute carrier fam-
ily 22 member 17, the receptor of human siderocalin protein.3?3¢
Therefore, a first essential point in the interaction between the
allergen and airway epithelium is that Alt a 1 in its holo-form is
tetrameric and is primarily recognized by the SLC22A17, whereas
when the ligand is absent, Alt a 1 in its apo- form is mostly dimeric.
These changes in the aggregation state could be the explanation of
the differential recognition of Alt a 1 depending on the presence or
absence of its ligand.'®

Solute carrier family 22 member 17 receptor was identified as a

surface receptor expressed on epithelial cells,®? mediating protein

endocytosis40 as well as inducing an innate immune response.”’41

SLC22A17 can specifically recognize human siderocalin, also known
as uterocalin, or 24p3 protein.*?*? Siderocalin is particularly import-
ant in protecting against bacterial infection as it can prevent iron
acquisition by pathogenic bacteria by binding iron-binding chelators
commonly bearing catechol groups called siderophores produced by
microorganisms.44 Some of the roles in disease are associated with
the ability of siderocalin to modulate oxidative stress.

Our findings reveal that SLC22A17 confers the ability to discrim-
inate between free (apo-) and ligand bound (holo-) forms of the Alt
a 1 allergen. Our in silico study also suggested that Alt a 1 shares
some structural relationship with siderocalin in their similar p-barrel
fold and overall size, and that the recognition of both proteins by
SLC22A17 involves exactly the same loop region in the extracellular
domain of SLC22A17. In contrast, their interaction with the receptor
presents some relevant differences. While siderocalin in monomeric
form binds at its calyx, the N-terminal region of the extracellular
domains of the SLC22A17,%? tetrameric holo-Alt a 1 interacts with
extracellular domains of SLC22A17 that interface with two Alt a 1
subunits in the tetramer at a nearly symmetrical arrangement.

The interaction of the holo-allergen with SLC22A17 must thus
be the key to activate the epithelial mucosa. This has also been

described for other allergens®>*

in which the presence of a trans-
ported ligand is essential to the activation of the mucosa and cells
of the immune system. However, this could not be the only route

to activate immune cells. In fact, we show in the current work that
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SLC22A17 was not present in the human monocyte cell line THP1
and human PBMCs, although Alt a 1 was capable of activating or
inducing their proliferation. Therefore, other recognition pathways
should be possible and SLC22A17 would only be one although very
active in airway mucosa.

Alt a 1 might be mimicking human siderocalin as the airway
entry route, and thus, based on the results of our study, the fol-
lowing model could be proposed (Figure 7). Tetrameric holo-Alt a
1 is released by Alternaria spores in the presence of a flavone-cat-
echol ligand and arrives at the airway epithelium. Spores induce
the activation of the immune system by increasing the release
of siderocalin (data not shown), and holo-Alt a 1 is recognized by
SLC22A17 on the cell surface. The subsequent endocytosis pro-
moted by SLC22A17°® moves their target proteins to inner cell
compartments where the environment is acidic. At low pH, Alta 1
tetramer breaks down releasing its constituent monomers and the
ligand as well.1”*8 The catechol groups of the free flavonol ligand
could then participate in antioxidant processes, and free Alt a 1
monomers should arrange in their most stable association which,
in the absence of the ligand, is a highly symmetric dimer®* with
epitope surface regions located at proper orientation for cross-
linking in further recognition by IgE.1®

Nevertheless, new studies are needed to understand the whole
picture as well as to clarify the sequence of events that occur in air-
way cells leading to allergic sensitization. The work here presented
offers a relevant piece of information to understand the interplay
between innate and adaptive immunity in allergic airway diseases.
Elucidating the details of the Alt a 1 sensitization, mechanisms will
ultimately lead to a better understanding of the pathophysiology
that governs one of the most prevalent and costly chronic diseases

in industrialized countries.
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