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lipoprotein in vitro, preventing TLR4-mediated activation of

dendritic cells

S. Lagos Magallanes,'? A. Beasley Lomazzi,' F. Zamarrefio,? F. Carrién,* M. FI,* J. Dutto,” J. Julve,® M. Costabel,® M. Maccioni,” A. M.

Folle,"? A. M. Ferreira'?
AUTHOR AFFILIATIONS See affiliation list on p. 21.

ABSTRACT Echinococcus granulosus sensu lato antigen B (EgAgB) is a major parasite
lipoprotein, produced by the hydatid and released at the host-parasite interface.
Accumulating evidence supports that EQAgB may exert immunomodulatory effects
on myeloid cells; however, the underlying molecular mechanisms remain poorly
understood. We examined the impact of native EgAgB (nEgAgB) and recombinant
EgAgB8/1 (rEgAgB) on lipopolysaccharide (LPS)-induced activation of bone marrow-
derived dendritic cells (BMDC) to help elucidate these mechanisms. Both immunoaf-
finity-purified nEgAgB or rEgAgB induced modest BMDC activation, indicated by the
production of IL-6, IL-12p40, and nitric oxide, but not IFN-B. This activation was primarily
attributed to LPS traces in EgAgB preparations since it was nearly abolished by a
specific TLR4 inhibitor and in TIr4”~ BMDC, while EgAgB binding to BMDC was TLR4-
independent. Notably, both nEgAgB and rEgAgB inhibited LPS-induced cytokine and
nitric oxide production and disrupted TLR4 dimerization and endocytosis. Competitive
binding assays showed that EgAgB and human high-density lipoprotein (hHDL) similarly
inhibited LPS binding to macrophages and BMDC; however, EQAgB more effectively
suppressed LPS-induced cytokine secretion. Contrastingly, EgAgB did not modulate
BMDC responses to lipoteichoic acid, unlike hHDL. Using dynamic light scattering and an
ELISA-like assay, we demonstrated a higher potential of EgAgB to bind LPS than hHDL.
Additionally, docking analyzes suggest the presence of a defined LPS-binding interface
in EgAgB8/1 subunit. Overall, these findings reveal a novel binding property of EgAgB,
which enables it to act as an extracellular LPS scavenger, interfering with TLR4-mediated
LPS recognition and downstream proinflammatory responses in myeloid cells.

KEYWORDS high-density lipoprotein, lipopolysaccharide, dendritic cell, lipoprotein,
antigen B, Echinococcus granulosus, cestode

chinococcus granulosus sensu lato comprises a complex of cestode species whose

larval stages cause cystic echinococcosis (CE), a chronic disease primarily affecting
domestic ungulates, with humans serving as accidental hosts. The larva (hydatid) is a
highly antigenic structure filled with fluid (HF), which typically develops within host
visceral organs, mainly the liver and lungs. To resist host defenses, the hydatid effectively
modulates the host immune response, likely employing multiple evasion strategies
to mitigate inflammation and potentially harmful effector mechanisms. When these
strategies are successful, host inflammation is resolved, leading to the formation of a
host-derived fibrous layer that surrounds the hydatid and contributes to keeping the
parasite away from immune cells (1, 2). In this regard, antigen B (EgAgB) has garnered
significant attention for its capacity to modulate host inflammation (reviewed in [3, 41]),
although the molecular basis underlying this modulation remains unknown.
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EgAgB is a lipoprotein abundantly produced by the hydatid and released at the
host-parasite interface, as evidenced by its detection in infected host tissues surrounding
hydatid lesions and in adjacent lymphoid organs by immunohistochemistry (5). The
interaction of EgAgB with immune cells is further supported by the presence of specific
antibodies in infected patients; in fact, its detection is regarded as a valuable tool for the
diagnosis of human CE (6-8). Initially, immunomodulatory studies demonstrated that in
vitro EgAgB limited the inflammatory response of neutrophils, dendritic cells (DC), and
monocyte/macrophages using various agonists for cell activation, including pathogen-
associated molecular patterns (PAMPs) such as crude bacterial components, formyl
peptides, and lipopolysaccharides (LPS), as well as endogenous and synthetic activators
(C5a, platelet-activating factor, and phorbol ester) (9-13). Recent studies have extended
these modulatory properties to in vivo inflammatory models including LPS-induced
peritonitis (14), bowel disease (15), sepsis (16), and immune thrombocytopenia (17).
Additionally, it has been proposed that EgAgB facilitates the development of M2-type
macrophages (defined as F4/80" CD206" in mice) (15-17) and a Th2-type immune
response, indicated by the cytokine profile (IL-4/IFN-y ratio) induced by exposing
peripheral blood mononuclear cells (PBMCs) from CE patients or human DC to EgAgB
(10, 11).

During the last few years, our research group has been interested in elucidating
the molecular and cellular mechanisms underlying the immunomodulatory properties
of EgAgB as these insights may reveal novel molecular targets for controlling inflam-
mation in other inflammatory disorders. With this perspective, we first conducted
a comprehensive biochemical characterization of the composition of native EgAgB
(nEgAgB), revealing a high heterogeneity of the lipids physiologically bound to the
protein component (including fatty acids, sterols, sterol esters, triacylglycerols, and
phospholipids) (18). Regarding EgAgB’s protein moiety, it is encoded by a multigenic
and polymorphic family whose orthologs belong to the hydrophobic ligand-binding
protein (HLBP) family specific to cestodes. In E. granulosus s.s., there are five clades
(EgAgBT1-EgAgB5) that encode ~8 kDa mature products, referred to as EgAgB8/1 to
EgAgB8/5 subunits, which have the ability to oligomerize. We found that EgAgB8/1
was the predominant subunit in nEgAgB purified from the HF of various E. granulosus
s.l. species, including those belonging to E. granulosus s.s (19). Based on the size and
chemical composition (protein and lipid), we postulate that nEgAgB assembles as a
plasma lipoprotein particle, by concentrating hydrophobic lipids in the core, surrounded
by a layer of phospholipids into which protein subunits (~12-14 subunits per particle)
are inserted. Among vertebrate plasma lipoproteins, nEgAgB would be more similar to
the human high-density lipoprotein (hHDL (20), particularly to its smaller subfraction
(hHDL3).

Studies on nEgAgB immunomodulation properties are challenging; although it is
abundant among parasite HF components, purifying it from HF in sufficient amounts
and quality for these studies has proven difficult (14). Some in vitro (10, 11) and in vivo
(15, 17) studies employed an EgAgB preparation obtained by precipitation, including a
boiling treatment that likely denatured the lipoprotein. Despite this, the heat-treated
EgAgB shared modulatory effects on LPS-mediated myeloid cell activation with nEgAgB.
We recently described the preparation and characterization of the recombinant form
of EgAgB8/1 (rEgAgB), which was expressed in insect cells as an alternative for immuno-
logical studies. This recombinant form shows a high degree of similarity to nEgAgB in
terms of its ability to form a lipoprotein particle of similar size and lipid composition
and its capacity to modulate monocyte and macrophage activation by LPS (14). In this
work, we focused on understanding the immunomodulatory properties of the native
form of EgAgB on myeloid cells, using DC as a cellular model for their importance in
the development of the innate and adaptive immune responses. Interestingly, we found
that both nEgAgB and rEgAgB preparations showed the ability to activate bone marrow
DC (BMDC) on their own, although they inhibited the LPS-induced activation of BMDC,
particularly in terms of cytokine secretion. Our results suggest that these contrasting
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effects may be due to EgAgB’s ability to bind LPS in the extracellular environment
interfering with TLR4-driven cell signaling. This binding property is shared by hHDL and
hHDL3, both reported as LPS scavengers (21). Importantly, hHDL3 has been shown to
protect the liver from inflammation and fibrosis in mice (22). The biological implications
of these findings for CE immunobiology are discussed.

MATERIALS AND METHODS
EgAgB preparations

Native EgAgB (nEgAgB): nEgAgB was obtained from HF from fertile hydatids of natu-
rally infected cows collected during the routine work of local abattoirs (Montevideo,
Uruguay). HF was aspired under aseptic conditions and preserved at —20°C with EDTA
5 mM, 3,5-di-tert-butyl-4-hydroxytoluene (BHT) 20 puM. Protoscoleces were recovered
for hydatid genotyping by amplifying and sequencing a fragment of the mitochondrial
cytochrome c oxidase subunit 1 (COX1) (23). Hydatids belonged mainly to E. granulosus
s.s. (G1 genotype) but also to E. ortleppi (G5 genotype). To obtain enough nEgAgB in each
purification, HF was pooled, corresponding to a G1/G5 ratio around 80/20 in volume.
nEgAgB was purified by a three-step fractionation protocol based on an ion exchange
chromatography on Q-Sepharose, followed by sequential ultracentrifugation in a KBr
gradient, and a final immunoaffinity chromatography step using an anti-EgAgB8/1
nanobody (clone 1) coupled to Sepharose (11). All solutions and buffers used during
the purification protocol were prepared with pyrogen-free water (ICU-VITA, Uruguay) and
the last steps—immunoaffinity followed by desalting on a PD-10 column (GE Healthcare,
USA)—were carried out in a laminar flow cabinet. Due to the amount of parasite material
(HF) required for including the ultracentrifugation step, for some studies (as indicated in
the results), we purified nEgAgB without ultracentrifugation. This alternative approach
did not significantly alter the particle size, the SDS-PAGE protein profile, or the immu-
nomodulatory effects observed on myeloid cells (see Fig. S1). Moreover, excluding the
ultracentrifugation step enabled the whole purification protocol in a sterile environment
(laminar flow cabinet).

Recombinant EgAgB8/1 (rEgAgB): rEgAgB8/1 (accession number U6JQF4) was
produced following the previously optimized protocol (14). Briefly, EQAgB8-/1-trans-
fected S2 cells were defrosted and cultured in Xpress medium (Lonza, Switzerland)
containing penicillin/streptomycin and puromycin for transfected-cell selection. Cells
were grown in a culture flask until a 7 x 10° concentration was reached and rEgAgB
production was induced with CdCl, 5 uM for 7 days. Culture supernatants were
recovered and, after pH was adjusted to 8 and an overnight incubation at 4°C, they
were clarified by centrifugation and filtered through a 0.22 um pore membrane. rEgAgB
was purified from culture supernatants on a Strep-Tactin XT-agarose column (IBA, Life
Science) following an immunoaffinity chromatography with anti-EgAgB8/1-Sepharose
column (11).

EgAgB preparations were finally equilibrated in phosphate-buffered saline pH 7.2
(PBS) containing EDTA 5 mM, BHT 20 uM, antibiotic (Capricorn), to prevent further
oxidation and contamination, and sucrose 10%, to preserve the lipoprotein structure
(20) (PBSggap), and were conserved at —80°C until use. All EQAgB preparations were
examined in terms of size homogeneity (average hydrodynamic diameter, Dy) by
dynamic light scattering (DLS). To that end, samples (70 pL, 1 mg/mL) were placed
in disposable cuvettes (UVette, Eppendorf) and pre-incubated at 25°C before measure-
ment. Data from triplicate measurements were averaged and analyzed with Zetasizer
Software v7.13 (Malvern Panalytical) to obtain size distribution of the samples (weighted
by the volume as assuming sphericity and homogeneity of particles). Reported Dy
values were calculated as the mean value for the main peak. In addition, the EgAgB
protein component was quantified using the bicinchoninic acid assay (BCA, Thermo) and
analyzed by SDS-PAGE and Western blot, as previously described (14). The endotoxin
level was also controlled using a chromogenic Limulus amoebocyte lysate assay with a

January 2026 Volume 94 Issue 1

Infection and Immunity

10.1128/iai.00361-25 3

Downloaded from https://journals.asm.org/journal/iai on 04 February 2026 by 164.73.160.159.


https://www.uniprot.org/uniprotkb/U6JQF4/entry
https://doi.org/10.1128/iai.00361-25

Full-Length Text

cut-off of 0.03 EU/mL (LAL, Beltrdn Zunino, Montevideo). Four and three preparations of
nEgAgB and rEgAgB were used along this investigation.

Cell line and generation of bone marrow-derived dendritic cells

The human monocyte-like cell line THP-1 (American Type Culture Collection, ATCC,
USA) was cultured in RPMI 1640 medium containing HEPES 10 mM, sodium bicarbon-
ate 1.5 g/L, sodium pyruvate 1 mM, glutamine 2 mM, antibiotic/antimycotic solu-
tion (Capricorn), and heat-inactivated fetal calf serum (FCS, Probiomont, Montevideo,
Uruguay) 10% (vol/vol) at 37°C in a humidified atmosphere with 5% CO, (vol/vol),
following ATCC recommendations. For macrophage differentiation, cells were stimulated
with PMA (50 ng/mL, SIGMA) for 72 h. Murine BMDC were generated by differentiation
of bone marrow precursors following a procedure approved by Comisién Honoraria
de Experimentacion Animal (CHEA Uruguay, protocol N° 889, Exp 101900-000875-19.1),
which was based on a standard method (24). Ten-week-old females from C57BL/6 mice
(Institut Pasteur, Montevideo) and from TIr4”~ and TIr2”~ mice (strains #007227 and
#004650, respectively, both on C57BL/6 background, Jackson Laboratories) were used.
Briefly, on day 0, the bone marrow from tibias and femurs was disaggregated by passage
through a 24G syringe. Bone marrow precursors were counted and seeded at 3 x 10° per
100 mm Petri dishes in 10 mL of complete medium (RPMI 1640 with FCS 10%, L-gluta-
mine 2 mM, penicillin/streptomycin 100 U/mL and J558 cell line supernatant containing
GM-CSF 1% (vol/vol). On day 3, 10 mL of complete medium was added. On days 5 and 7,
10 mL of the culture medium was removed and 10 mL of complete medium added. On
day 10, non-adherent cells were collected, between 85 and 95% being CD11c*, and used
for stimulation.

Effects of EQAgB on BMDC activation

BMDC derived from C57BL/6 mice were seeded at a density of 0.4 x 10° cells per well
(96-well plate) and exposed to different concentrations (1-10 pg/mL) of nEgAgB, rEgAgB,
or PBSggap (vehicle control, Veh) in the presence or absence of LPS 10 ng/mL (Escherichia
coli 0127:B8, Sigma-Aldrich, #L4516) and incubated at 37°C in a humidified atmosphere
with 5% CO, (vol/vol). After 18 hours, the culture supernatant was collected to determine
the levels of inflammatory cytokines (IL-6, IL-12p40, and IFN-B) and nitric oxide (-NO)
generation, and the cells were recovered to measure surface receptors by flow cytome-
try, as described below. In additional assays, we compared the modulation capacity of
EgAgB and hHDL. To that end, the hHDL fraction was isolated from pooled plasma by
sequential flotation ultracentrifugation, as previously described (25). The obtained hHDL
fraction presented a Dy of 11.2 + 4.1 nm and an LPS content lower than 0.001 ng/ug
protein. BMDC were exposed to a range of concentrations of either nEgAgB (0.5-10
pg/mL) or hHDL (10-100 pg/mL) in the presence or absence of LPS (10 ng/ml) or LTA
(0.5 pg/ml, Staphylococcus aureus, Invivogen #tlrl-pslta) for 18 hours. BMDC responses
were examined by measuring IL-6 and IL-12p40 concentrations in culture supernatants.

Studies on LPS and TLR4 involvement in EgAgB effects on BMDC activation

To inhibit cell activation induced by LPS traces in samples, nEgAgB or rEgAgB (1-10
pg/mL) were pretreated with polymyxin B (10 pg/mL, Sigma-Aldrich) or cultured medium
(control) for 2 h at 37°C and then used to stimulate BMDC at the conditions described
above. In parallel, LPS (10 ng/mL) and Pam3CSK4 (60 ng/mL, Invivogen #tlrl-pms) were
analyzed as controls. To inhibit TLR4-mediated responses, BMDC were preincubated
with the TLR4-specific inhibitor TAK-242 (10 uM, USBiological) for 1 h and then stimula-
ted with nEgAgB/rEgAgB (0.5-10 pg/mL), LPS (10 ng/mL) or Pam3CSK4 (60 ng/mL, as
control) for 18 h. Additionally, EQAgB effects were examined on BMDC derived from
wild-type (WT), TIr4™~, and TIr2" mice for comparison. In these studies, EJAgB prepara-
tions (0.5-10 pg/mL) were assayed and cell responses examined by quantification of IL-6
and IL-12p40 in culture supernatants.
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Measurement of cell responses

Mouse and human IL-6, IL-12p40, and IFN-3 were determined in culture supernatants
by a capture ELISA using paired antibodies from BD, Biolegend, or R&D. -NO generation
was measured based on their conversion in nitrite (NO,"), which was quantified by the
colorimetric Griess assay (26). Briefly, cell culture supernatants were transferred (50 uL/
well) to 96-well flat-bottom plates, and 50 pL of sulfanilamide (Sigma, 1% wt/vol in 2.5%
H3PO4) and 50 pL of naphthyl ethylenediamine dihydrochloride (Sigma, 0.1% wt/vol in
2.5% H3PO4) were added. After 5 min incubation, the absorbance at 540 nm (As40) was
measured and converted to nitrite concentration based on an NaNO, standard curve.
Surface molecules including CD86, CD40, and CD11c were quantified by flow cytometry.
To that end, cells were stained using conventional protocols with Live/DEAD-Green
(Invitrogen) and the corresponding fluorescent conjugates diluted in PBS containing
BSA 0.1% wt/vol, EDTA 2 mM (FACS). The appropriate controls—fluorescence minus one
(FMO)—were also prepared. The information about all fluorescent conjugates used for
flow cytometry is detailed in Table S1. Data were acquired on a FACSCanto Il cytometer
and analyzed using the FlowJoTM package (Version 7.6.2), gating on Live/DEAD-Green™
CD11c* events (gating strategy is shown in Fig. S2).

Studies on TLR4 dependence of EgAgB binding to BMDC

EgAgB binding to BMDC derived from WT, Tir4”~, and TIr2”~ mice was examined by
flow cytometry. All incubations and washing steps were carried out in a binding buffer
(PBS pH 7.2 containing FCS 1% (vol/vol), NaN3 0.1% (wt/vol), and EDTA 2 mM). Cells
(0.2 x 10° cells/well in a 96-well V-bottom plate) were incubated for 1 h at 4°C with
increasing concentrations of nEgAgB (1-100 pg/mL) or PBSggap (Veh control). After
two washing steps, Fc receptors were blocked by the addition of 10% (vol/vol) rat
normal serum. Bound nEgAgB was detected with a 1/100 dilution of a rabbit antiserum
anti-EgAgB8/1, generously donated by Betina Cérsico and Gisella Franchini (INIBIOLP,
Facultad de Ciencias Médicas, Universidad Nacional de La Plata, Argentina). In parallel,
a normal rabbit antiserum was used for controlling nonspecific binding. After wash-
ing, BMDC-bound immune complexes were detected by incubation with anti-rabbit
IgG-Alexa 488 and anti-CD11c¢ antibodies. For each cell type (WT, TlIr4”, and TiIr2™""), a
binding index was calculated to quantify nEgAgB binding. This index was determined as
the increase in fluorescence intensity (expressed as the geometric mean, MFI) of Alexa
Fluor 488 on CD11c* cells relative to Veh (control), expressed as a percentage.

Analysis of EgAgB effects on cell surface CD14, TLR4, and TLR4 dimeriza-
tion/endocytosis

BMDC (0.4 x 10° cells/well, in duplicates) were incubated with nEgAgB or rEgAgB (1
or 10 pg/mL) or Veh (control) in the presence or absence of LPS (10 ng/mL), at 37°C
in a humidified atmosphere with 5% CO; (vol/vol). As an additional control, cells were
cultured in medium (unestimulated condition). After 2 h, cells were collected by gentle
pipetting and transferred to a V-bottom plate. Staining of cell surface receptors was
performed following conventional protocols with anti-CD11c-PECy7, anti-CD14-FITC,
anti-TLR4/MD2-PE, and anti-TLR4-APC (all from BioLegend). Cells were acquired on a
FACSCanto Il cytometer and analyzed using the FlowJoTM package (Version 7.6.2), gating
on CD11c* events. For data analysis, the relative expression levels of CD14 and total
TLR4 (measured with the anti-TLR4-APC that recognizes both monomeric and dimeric
TLR4) were estimated as the MFI normalized to the unstimulated control condition
and expressed as a percentage. The percentage of TLR4 dimerization/endocytosis was
determined using the anti-TLR4/MD2-PE (recognizes only the monomeric TLR4/MD2
complex) and calculated as 100% - [(MFI of sample/MFI of unstimulated cell condition) x
100], as described previously (27).
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Interference with LPS binding to cells

EgAgB’s ability to interfere with LPS for binding to BMDC or THP-1 macrophages was
analyzed by flow cytometry. All incubations and washing steps were performed in the
FACS buffer. Cells (0.2 x 10°) were seeded in conical-bottom plates and incubated with 50
pL of EgAgB, hHDL (both 1-200 pg/mL), ovalbumin (OVA, 200 pg/mL as a control protein)
or PBSggap (Veh control) for 30 min at 37°C. Subsequently, 50 L of LPS conjugated to
the fluorochrome Alexa Fluor 488 (5 ug/mL, from E. coli O55:B5, Molecular Probes) was
added and incubated 30 min at 37°C. After incubation, cells were washed twice, acquired
on a FACSCalibur cytometer (BD Biosciences) and analyzed using the FlowJoTM package
(Version 7.6.2). The MFI of all samples was corrected by the Veh. LPS binding was
expressed as the average MFI of samples relative to the average MFI of LPS-Alexa-488
(100%).

Analysis of EQAgB-LPS interaction by DLS

EgAgB or hHDL (both at T mg/mL) were mixed with an equal volume (35 pL) of LPS
(1 mg/mL) and subsequently analyzed by DLS, as described above. For comparison,
EgAgB, hHDL, and LPS were mixed with the vehicle control (PBSggap) and analyzed under
identical conditions. The mean hydrodynamic diameter of the particle size distribution
(Z-average) was calculated.

ELISA assay for LPS binding activity

EgAgB ability to bind LPS was analyzed based on the protocol previously reported
(22). To that end, nEgAgB, hHDL/hHDL3 as positive controls or OVA as an irrelevant
control protein (10 pg/ml, 100 pL/well) were immobilized in high-binding ELISA 96-well
plates (Maxisorp, Nunc) overnight at 4°C. Specifically, the hHDL; fraction (density range
from 1,125 g/mL-1,210 g/mL) was freshly obtained from pooled plasma by sequential
flotation ultracentrifugation, as described previously (25). In parallel, wells incubated
with PBS were prepared to evaluate nonspecific interactions with the blocker (blocker
control). Blocking was done with PBS-BSA 1% for 1.5 h at room temperature (RT). Various
concentrations of LPS conjugated to biotin at its inner core (0, 10, 100, and 1,000 ng/mL,
from E. coli O111:B4, InvivoGen #tlrl-Ipsbiot) were preincubated with or without hLBP
(human LBP, 0.1 pg/mL, R&D Systems #6445-LP) for 1 h at RT and then incubated
in the plates for 45 min at 37°C. Subsequently, streptavidin-HRP (Sigma #5512) was
added for another 45 min at 37°C. Between incubations, five washes with PBS Tween
0.05% were performed, except after sensitization when two washes were done. For
development, acetate 0.1 M containing TMB and H>0, was used, and the reaction was
stopped with H,SO4 1 M. The absorbance was quantified at 450 nm, correcting with the
absorbance at 560 nm. The values obtained for samples were corrected by subtraction
of their corresponding controls of nonspecific interactions and then graphed against the
concentration of LPS-biotin using GraphPad software (10.4.1 Version). rEgAgB could not
be assessed since it contains a strep-tag motif necessary for its purification that interferes
with the color developing step.

In silico analysis of EQAgB8/1 interaction with LPS

The SMILES structures corresponding to the R2 and R3 core domains of LPS were
retrieved from the BioCyc database, under compound identifiers CPD-21363 and
CPD-21361, respectively. The SMILES structure of lipid A was obtained from the ChEBI
database (ChEBI ID: CHEBI:134256). The three-dimensional (PDB) structures of R2, R3,
and lipid A were generated from their respective SMILES strings using the SwissParam
tool (28). The structure of the O-antigen domain was also derived from ChEBI (ChEBI
ID: CHEBI:89981), corresponding to a full LPS molecule. The SMILES file was downloa-
ded, and the O-antigen region was manually isolated by truncating the nonrelevant
portions of the molecule. The resulting fragment was converted to PDB format using
Open Babel (29). All generated PDB files were geometry-optimized using IQmol (version
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2.15), employing the MMFF94 force field. The primary sequence of the Echinococcus
granulosus apolipoprotein EQAgB8/1 was obtained from the UniProt database (UniProt
ID: U6JQF4). The corresponding three-dimensional structure was obtained from the
theoretical model predicted by AlphaFold (30). Molecular docking simulations were
performed using the HADDOCK web server (version 2.4) (31), following the standard
protein-ligand docking protocol. For each EgAgB1-LPS domain pair, the top-scoring
model from the most populated cluster was selected for further analysis. Protein-ligand
interactions were characterized using the Protein-Ligand Interaction Profiler (PLIP) (32),
and three-dimensional visualization and inspection of docking poses were conducted in
PyMOL (Schrodinger, LLC; version 2.5).

Data analysis

The number of independent experiments and analytical repetitions is provided in each
figure legend. For graphical presentation, some data were normalized to either the
control group or the LPS response, as specified in figure legends. Statistical analyses were
performed on the raw data: for assays using the THP-1 cell line, we assume normality and
homoscedasticity, and a two-way ANOVA with Tukey’s post hoc test was applied (using
GraphPad Prism 9.4.1); for BMDC experiments, as we observed more dispersion between
experiments and normality and homoscedasticity could not be checked, the two-way
nonparametric Friedman test with Bonferroni correction for multiple comparisons was
applied. The statistical significance is indicated in graphs by symbols (i.e., *, $, #) and
explained in each figure legend.

RESULTS

nEgAgB and rEgAgB preparations exhibited opposite effects on BMDC: they
induced a modest activation on their own but interfered with LPS-driven
activation

To obtain highly pure preparations, both nEgAgB and rEgAgB were purified using
a final immunoaffinity chromatography step employing an anti-EgAgB8/1 nanobody
developed by our research group (14). As observed in the referenced study, DLS analysis
of EgAgB preparations showed multimodal size distributions (weighted by intensity)
corresponding to principal components (weighted by volume) with an average Dy of
13.4 = 1.6 nm for nEgAgB preparations and 17.5 + 2.0 nm for rEgAgB (Fig. S1 and 3 for
nEgAgB and rEgAgB forms, respectively). The molecular size and protein profile obtained
by SDS-PAGE and Western Blot analysis of the resulting preparations are illustrated
in Fig. S3, being consistent with those previously described (14). Based on the LAL
assay, LPS content in most nEgAgB and rEgAgB preparations was comparable to those
previously reported (< 0.02 ng/ug protein [14]). Interestingly, while our observations
in macrophages indicated that concentrations of up to 10 pg/mL of nEgAgB/rEgAgB
did not induce cell activation (14), BMDC exposure to EgAgB preparations as the sole
stimulus led to modest yet significant secretion of the inflammatory cytokines IL-6
and IL-12p40 (Fig. 1A through D, respectively), albeit with IL-12p40 being secreted to
a lesser extent, as well as -NO production (Fig. 1G and H). These responses were not
accompanied by the secretion of IFN-B (Fig. 1E and F). Remarkably, the activating effect
of EgAgB on BMDC did not hinder its ability to modulate LPS-driven cellular responses
in a dose-dependent manner. Both native and recombinant EgAgB preparations limited
IL-6, IL-12p40, and IFN- secretion and the generation of -NO in LPS-activated BMDC
(Fig. 1). Consistent with our previous findings in macrophages (11), nEgAgB and rEgAgB
only caused modest effects on costimulatory molecules despite their impact on IL-6
and IL-12p40 secretion; they slightly reduced CD40 expression while not affecting CD86
expression (Fig. 2A through D, respectively).
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FIG 1 Effects of nEgAgB and rEgAgB on the cytokine secretion and nitrite formation by BMDC in the
absence or presence of LPS. BMDC (0.4 x 10°) were stimulated with nEgAgB/rEgAgB (1, 5 or 10 pg/mL) or
PBSggab (vehicle, Veh) in the absence or presence of LPS (10 ng/mL). After 18 h, the culture supernatant
was collected to measure cytokine secretion by ELISA or nitrite by Griess. The levels of IL-6 (A, B), IL-12p40
(C, D), IFN-B (E, F), and nitric oxide (-NO) generation (G, H) are plotted as the median and range of
data normalized to the LPS condition (set as 100%). The data correspond to three or four independent
experiments with analytical duplicates. Significant differences with Veh or (Veh + LPS) are indicated with *
and $, respectively (Friedman test with the Bonferroni correction for multiple comparisons, P < 0.05).

BMDC activation by EgAgB preparations was partially inhibited by polymyxin
B and dependent on TLR4 signaling.

Despite efforts to avoid LPS contamination during purification, some EgAgB preparations
contained trace levels of LPS according to the LAL assay, suggesting that the observed
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FIG 2 Effects of nEgAgB and rEgAgB on the surface expression of costimulatory molecules by BMDC in the absence or
presence of LPS. BMDC (0.4 x 10° were stimulated with nEgAgB/rEgAgB (0,5 1, and 5 pg/mL) or Veh in the absence or
presence of LPS (10 ng/mL). After 18 h, the cells were recovered to measure the surface expression of CD40 and CD86
costimulatory molecules (within live CD11c¢" cells) by flow cytometry. Representative histograms of the MFI obtained for
CD40 (A) and CD86 (B) surface expression analysis are shown. Bar graphs correspond to CD40 (C) and CD86 (D) expression,
presented as the median and range of MFI values normalized to the (Veh + LPS) condition (set as 100%). The data correspond
to three independent experiments with analytical duplicates. Significant differences with Veh or (Veh + LPS) are indicated with

*and $, respectively (Friedman test with Bonferroni correction for multiple comparisons, P < 0.05).

EgAgB activating effect on BMDC was due to LPS. To examine this, we first selected the
nEgAgB/rEgAgB batches showing the highest endotoxin level (0.02-0.09 ng/ug protein)
and used polymyxin B for LPS neutralization (33). At 10 pg/mL, polymyxin B effectively
inhibited IL-6 and IL-12p40 secretion by BMDC stimulated with 10 ng/mL LPS, while it did
not affect the response to 60 ng/mL Pam3CSK4, serving as positive and negative
controls, respectively; these controls validate the polymyxin B efficacy under the
assessed conditions. Given the estimated LPS content in EgAgB preparations
(<0.09 ng/mL for tested concentrations), we anticipated that 10 pg/mL polymyxin B
would inhibit any putative LPS activity in these preparations. However, polymyxin B
partially reduced IL-6 and IL-12p40 secretion driven by nEgAgB and rEgAgB (Fig. 3A and
B).

To explore whether the cytokine response elicited by EgAgB preparations in BMDC
was dependent on TLR4 signaling, we employed the pharmacological inhibitor TAK-242,
which specifically binds to a cytoplasmic domain of TLR4 and interferes with the receptor
signaling. Pretreatment of BMDC with TAK-242 inhibited IL-6 (97.8%) and IL-12p40
(99.2%) secretion induced by LPS (10 ng/mL), but not by Pam3CSK4 (60 ng/mL) (Fig. 3C
and D). Interestingly, the dose-dependent cytokine response induced by nEgAgB and
rEgAgB was inhibited following TAK-242 pretreatment (Fig. 3C and D); however, a
residual cytokine secretion (mainly IL-6) was detected.

To confirm the involvement of TLR4 in BMDC activation by EgAgB, we used BMDC
from WT, TIr27~, and Tir4”~ mice, employing nEgAgB/rEgAgB batches with lower LPS
content (< 0.02 ng/pg protein) due to their availability. Consistent with our previous
results, both nEgAgB and rEgAgB induced dose-dependent IL-6 secretion by WT BMDC
(Fig. 4A and B), but IL-12p40 secretion was undetectable (a trend toward an increase was
observed only for nEgAgB, which may be due to the lower LPS content, Fig. 4C). The IL-6
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FIG 3 BMDC activation by nEgAgB and rEgAgB was nearly abolished by the TLR4 inhibitor TAK-242,
but not by polymyxin B. In panels A and B, nEgAgB or rEgAgB (1-10 pg/mL), LPS (10 ng/mL), and
Pam3CSK4 (60 ng/mL) were pretreated with polymyxin B (PB, 10 pg/mL) or culture medium (M) for 2
h at 37°C, then used to stimulate BMDC (0.4 x 10°). Culture medium (M) and PBSggap, (Veh) served as
stimulation controls. After 18 h, cytokine secretion was measured in the culture supernatants by ELISA.
The levels of IL-6 (A) and IL-12p40 (B) are plotted as the median and range of data from three independ-
ent experiments with analytical duplicates. Significant differences with the corresponding stimulation
control (M or Veh) are indicated with *, and significant differences between conditions with and without
polymyxin B at the same EgAgB concentration are indicated with $ (Friedman test with Bonferroni
correction for multiple comparisons, P < 0.05). In panels C and D, BMDC (0.4 x 10°) were pretreated with
TAK-242 (10 pM) or DMSO (control pre-treatment) for 1 h, and subsequently stimulated with nEgAgB/
rEgAgB (1, 5, or 10 pg/mL), LPS (10 ng/mL) and Pam3CSK4 (60 ng/mL), or PBSggap, (Veh as control). After
18 h, cytokine secretion was measured in the culture supernatants by ELISA. The levels of IL-6 (C) and
IL-12p40 (D) are presented as the median and range of data from two independent experiments with
analytical duplicates. Significant differences compared to the corresponding stimulation control (M or
Veh) within TAK-242- or DMSO-pretreated BMDC are indicated with *, and significant differences between
TAK-242- or DMSO-pretreated BMDC at the same stimulation conditions are indicated with $ (Friedman
test with Bonferroni correction for multiple comparisons, P < 0.05). Note that for both studies, we used
the nEgAgB with higher endotoxin activity according to LAL (0.02-0.09 ng/ug protein).
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responses induced by nEgAgB and rEgAgB were comparable between WT and TIr27~
BMDC, but almost null in TIr4”~ BMDC, which were unresponsive to rEgAgB and secreted
low levels of IL-6 at higher nEgAgB concentrations (> 5 ug/mL). These findings suggested
that the ability of nEgAgB and rEgAgB lipoproteins to activate BMDC was primarily via
TLR4, despite a minor contribution of TLR4-independent mechanisms that may play a
role in the case of nEgAgB.

EgAgB bound to BMDC in a TLR4-independent manner

In addition to LPS, TLR4 recognizes various endogenous ligands, including minimally
modified lipoproteins (34, 35) and saturated fatty acids (36). Besides, EQAgB was found
to bind to various myeloid cell types (12, 37). To determine whether EgAgB utilizes TLR4
for cell binding and signaling, we measured EgAgB binding to BMDC from WT, TIr2™",
and TIr4™~ mice. The results showed that nEgAgB binds to BMDC independently of the
presence of TLR4 and TLR2 (Fig. 5). Collectively, the data suggested that TLR4-dependent
activation of BMDC by EgAgB preparations likely results from LPS carried by EgAgB
lipoproteins rather than from a direct EQAgB-TLR4 interaction.

EgAgB interfered with LPS-triggered TLR4 dimerization/endocytosis

Despite the activating capacity of EgAgB preparations, both nEgAgB and rEgAgB
were found to suppress LPS-driven activation of BMDC. To investigate the molecular
mechanisms underlying this modulation, we examined whether EgAgB could alter
LPS-mediated changes in cell surface CD14, a co-receptor that facilitates LPS binding
to MD2, which is a crucial accessory molecule for TLR4 activation (38). As shown in Fig.
6A, LPS treatment induced a modest increase in cell surface CD14 expression, which was
counteracted by the presence of nEgAgB (10 pg/mL), but not by rEgAgB. Additionally,
LPS stimulation caused a trend toward a decrease in cell surface total TLR4, but this trend
was not observed in the presence of nEgAgB or rEgAgB (Fig. 6B). A decreased cell surface
TLR4 expression is expected as a consequence of LPS-driven TLR4 dimerization and
subsequent endocytosis. To further explore this, we assessed TLR4 dimerization/endocy-
tosis using a mAb targeting the TLR4/MD2 complex (MTS510), which indirectly allows
its measurement by detecting the loss of monomeric TLR4/MD2 from the cell surface
(27). BMDC exposure to LPS led to a significant TLR4 dimerization/endocytosis after 120
minutes (Fig. 6C). Notably, in the presence of both nEgAgB and rEgAgB, this LPS-driven
process was reduced, although the rEgAgB’s effect did not reach statistical significance.
Our findings suggest that the modulatory effects of EgAgB on LPS-induced BMDC
activation are linked to molecular interactions established by these parasite lipoproteins,
which disrupt the ability of LPS to fully engage and activate the initial steps of the TLR4
signaling pathway.

EgAgB interfered with LPS binding to myeloid cells, similar to the action of
hHDL

The inhibition of LPS-triggered TLR4 dimerization/endocytosis by EgAgB may involve
interference with LPS binding to TLR4" cells. To test this hypothesis, we conducted
an inhibition binding assay employing LPS-Alexa-488 and PMA-differentiated THP-1
macrophages or BMDC as models of TLR4" myeloid cells. Additionally, two control groups
were included; a positive one with hHDL, an LPS scavenger macromolecule (22), and
a negative control with OVA as an irrelevant protein. Pre-incubation with OVA showed
no effects on LPS binding to THP-1 macrophages, while the presence of 200 ug/mL
hHDL reduced the binding index by approximately 23% (Fig. 7). For testing EgAgB in this
assay, we used nEgAgB preparations purified from HF by immunoaffinity, with or without
prior ultracentrifugation. Both nEgAgB preparations showed a dose-dependent ability to
interfere with LPS binding to THP-1 macrophages, exhibiting higher inhibitory activity
than hHDL (around 64% at 200 ug/mL, Fig. 7). nEgAgB also showed interference activity
with LPS binding to BMDC (Fig. S4). Taking into account that EgAgB binding to BMDC
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FIG4 The cytokine response induced by nEgAgB and rEgAgB in BMDC depended on TLR4. BMDC (0.4 x 10°) derived from WT,
TIr4™", and TIr2™~ mice were stimulated with nEgAgB/rEgAgB (1, 5, or 10 ug/mL) or PBSggap (Veh control). After 18 h, cytokine

secretion was measured in the culture supernatants by ELISA. The levels of IL-6 (A, B) and IL-12p40 (C, D) a

re presented as the

median and range of data normalized to the levels of the control (Veh) for each BMDC background (WT, TIr2”~, and TIr4™")

and expressed as a percentage. The data correspond to four independent experiments with analytical du

plicates. Significant

differences are indicated as follows: comparisons with Veh within the same strain are marked with *, comparisons between

equivalent stimulation conditions in TIr2”~ and TIr4”~ BMDC versus WT BMDC are marked with $, and comparisons between

equivalent stimulation conditions in TIr2”"~ and TIr4”~ BMDC are marked with # (Friedman test with Bonferroni correction for

multiple comparisons, P < 0.05).

was TLR4-independent, EgAgB’s immunomodulatory effects on LPS-driven myeloid cell
activation likely involve its interaction with LPS.

EgAgB showed a superior ability to modulate LPS-induced cytokine secretion
by BMDC than hHDL

Because hHDL has been described as a scavenger molecule of some PAMPs like LPS and
LTA (21), we compared the ability of EJAgB and hHDL to modulate BMDC activation
induced by these TLR agonists. In the assayed conditions, concentrations of 100 pug/mL
of hHDL were needed to cause a modest inhibition of LPS-induced IL-6 secretion
in BMDC (Fig. 8A). In parallel, nEgAgB and rEgAgB showed higher inhibitory activity
compared to hHDL, achieving approximately 50% reduction in the IL-6 response at just
10 pg/mL, an inhibition level unattainable even with 100 pg/mL of hHDL (Fig. 8B). In
THP-1 macrophages, hHDL caused a robust inhibition of LPS-driven IL-6 secretion, but
again, 10-fold higher concentrations of hHDL than nEgAgB were needed to achieve a
similar percentage of inhibition (Fig. S5). Additionally, nEgAgB and rEgAgB, but not hHDL,
significantly suppressed IL-12p40 secretion in LPS-activated BMDC (Fig. 8C and D). In
contrast, when LTA was used as a TLR2 agonist, hHDL, but not nEgAgB and rEgAgB,
diminished the secretion of IL-6 (Fig. 8E and F) and IL-12p40 (Fig. 8G and H). Paradoxically,
both EgAgB preparations increased LTA-induced IL-6 and IL-12p40 responses, which may
be attributed to the presence of residual LPS carried by EgAgB samples, contributing
additively to the observed cytokine response. Overall, these findings suggest a selective
ability of EgAgB to interfere with LPS-mediated activation.
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FIG 5 nEgAgB bound BMDC in a TLR4-independent manner. BMDC (0.2 x 10°) derived from WT, TIr4”", and TIr2”" mice
were incubated with nEgAgB (1-100 pg/mL) or PBSggap (Veh control) in the binding buffer at 4°C. After 1 h, cells were

washed, Fc receptors were blocked, and bound nEgAgB was detected using an anti-EgAgB8/1 rabbit antiserum or normal

rabbit serum (nonspecific binding control), followed by an anti-rabbit-IgG antibody conjugated to Alexa Fluor 488. nEgAgB

binding to BMDC (gated as CD11c" cells) is plotted as the binding index of data from three independent experiments with

analytical duplicates. Significant differences compared to Veh within each BMDC type are indicated with * (Friedman test with

Bonferroni correction for multiple comparisons, P < 0.05). No significant differences were observed in the binding index of

nEgAgB at equal concentrations across BMDC derived from the three mouse strains.

EgAgB demonstrates LPS-binding capacity like hHDL and hHDL3

Our findings suggested that EgAgB’s modulation of LPS-triggered activation of BMDC
could stem from EgAgB binding to LPS, thereby interfering with its interaction with the
TLR4/MD2 complex. To study the potential of EQAgB to bind LPS, we initially analyzed
changes in the size distribution of EGAgB lipoprotein particles upon LPS addition using
DLS, with hHDL included for comparison. Results showed that LPS modified the size
distribution of EgAgB in solution by promoting both a partial shift of the predomi-
nant population to smaller species and an increase in the abundance of supramolec-
ular assemblies, which remain scarce (Fig. S6). This alteration in the multimodal size
distribution (weighted by intensity) of EQAgB was not as noticeable for hHDL (Fig. S6).
Unfortunately, despite using similar mass concentrations of both LPS and EgAgB, we
cannot estimate the molar concentration of each species and figure out the relevance
of the observed shifts in size. Since LPS shows a size profile superimposed with one
of the populations observed in the complex profile of EgAgB (Fig. S6), we used the
intensity-weighted Z-average diameter—as an independent magnitude describing the
overall mixture profile—to evaluate the effect of LPS addition and compare its signifi-
cance with hHDL. Interestingly, the Z-average of the particles present in both native and
recombinant EgAgB-LPS mixtures was higher than that corresponding to EgAgB alone
(Fig. 9A), suggesting that addition of LPS led to the emergence or stabilization of larger
assemblies as a consequence of an EgAgB-LPS interaction. In contrast, no increase in
Z-average was detected by adding LPS to hHDL (Fig. 9A).

To confirm an EgAgB interaction with LPS, we used a binding assay previously
described to assess LPS binding to hHDL and hHDL3 (22). hHDL and hHDL3 were both
capable of binding LPS, assessed in a range of 100 and 1,000 ng/mL, with enhanced
efficiency when LBP was present (Fig. 9B). EQAgB also bound LPS both in the absence or
presence of LBP, demonstrating an increased interaction compared to hHDL/hHDL3, as a
higher binding was observed at 1,000 ng/mL LPS in the absence of LBP, and at 100 and
1,000 ng/mL LPS in the presence of LBP. The LPS binding activity of EQAgB was similar for
nEgAgB preparations purified with or without ultracentrifugation. Moreover, this activity
was found to be thermostable as it remained unchanged after treatment at 100°C for
10 min (Fig. S7).

In addition, molecular docking analyses were performed using HADDOCK to assess
the interaction of EgAgB8/1 with individual structural domains of bacterial LPS, including
lipid A, the R2 and R3 core oligosaccharides, and the O-antigen. All LPS regions tested
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were capable of interacting with EgAgB8/1 (Fig. 9C), forming a substantial number of
hydrogen bonds that contributed to the stabilization of the complexes. Among the most
recurrent interacting residues were Arg66, Arg70, Glu59, and Phe62, which established
multiple hydrogen bonds and salt bridges with the lipid A and R3 core. The O-antigen
and R2 core domains exhibited comparatively fewer interactions, with Glu59 and GIn63
as the primary contributors. Hydrophobic contacts with Phe42, Leu47, and Val51 further
stabilized the lipid A—-EgAgB8/1 complex (Table S2). These findings support the existence
of a defined LPS-binding interface in EgAgB8/1, with a preferential affinity for the
lipid A and core oligosaccharide regions, which may underlie its modulatory effect on
LPS-mediated immune activation.

DISCUSSION

This study provides compelling evidence of a selective binding between EgAgB and LPS,
uncovering a novel interaction that likely contributes to the modulatory effects of this
parasite lipoprotein on myeloid cells, as shown in previous in vitro and in vivo studies
(11,12, 14, 17). This was especially apparent given the frequent presence of LPS traces in
EgAgB preparations. Consistently, achieving LPS-free nEgAgB has posed a significant
challenge throughout our studies. As such, traces of LPS were frequently detected
in nEgAgB preparations but not in buffer controls, despite using exigent purification
protocols (including an immunoaffinity step based on monoclonal antibodies anti-
EgAgB8/1 (14, 39), and stringent measures such as pyrogen-free buffers and the use
of laminar flow cabinet for immunoaffinity and desalting steps). The origin of LPS carried
by EgAgB remains unclear; it may bind to EgAgB during infection or throughout the
purification process. Both scenarios could account for the observed variability in LPS
content among nEgAgB batches. LPS derived from the gut microbiota is likely present in
infected viscera such as the liver and lungs, although its abundance may vary between
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of competitive molecules (Veh control). The data correspond to three independent experiments with
analytical duplicates. Significant differences compared to Veh are indicated with **, *** or **** (two-way
ANOVA and Tukey’s test, P < 0.01, P < 0.001 or P < 0.0001, respectively). Note that no differences
were observed among the nEgAgByc+ia and nEgAgB|a ability to compete with LPS binding to THP-1
macrophages.

hosts depending on several factors, including the metabolic and nutritional status as
well as diet (40-42). Additionally, differences in the microbiological quality of the parasite
material likely influence the levels of LPS that could be carried from the host viscera
into the collected HF. Notably, LPS traces were also detected in rEgAgB expressed in
D. melanogaster cells, indicating that LPS was retained during purification despite the
stringent and controlled conditions used for production and immunopurification. A
previous study did not find significant LPS levels in the EgAgB preparation used for
studying effects on DC (11); however, this study applied a boiling treatment during
purification, which may have inactivated LPS and affected its quantification. Although
additional studies on some immunological properties of EQAgB exist, LPS levels in EJAgB
preparations purified from HF have not been routinely evaluated (9, 10, 43-45). More
recently, some investigations have employed EgAgB preparations in which LPS may have
been inactivated by heating and/or depleted by adsorption on commercial resins (15,
17), all likely contributing to an underestimated LPS content and undervalue EgAgB’s
ability to bind LPS selectively.

In this work, nEgAgB and rEgAgB preparations (up to 10 pg/mL) induced secretion
of proinflammatory cytokines by BMDC, whereas no effects were observed in THP-1
macrophages or BMDM (12, 14, 17). This discrepancy may be explained by the higher
sensitivity of BMDC to detect PAMPs compared to macrophages. The amount of LPS
carried by EgAgB might be near the theoretical threshold required to induce inflamma-
tory cytokine secretion in myeloid cells, particularly DC (reviewed in [46]). Thus, BMDC
activation by EgAgB preparations could be explained by two main mechanisms: (i)
residual contaminating LPS directly triggers TLR4-dependent signaling or (i) EgAgB
acts as a carrier that facilitates the delivery of LPS to the TLR4-MD2 complex, thereby
enhancing its bioactivity. Our data primarily support the second mechanism. Treatment
with polymyxin B, which neutralizes free LPS, did not prevent cytokine secretion induced
by EgAgB. This suggests that EgAgB binds LPS in a way that reduces its accessibility to
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FIG 8 nEgAgB/rEgAgB, unlike hHDL, inhibited LPS-induced but not LTA-induced activation of BMDC. BMDC (0.4 x 10° were stimulated with nEgAgB (0.5, 1,
5 or 10 pg/mL), hHDL (1-100 pg/mL), and PBSggap (Veh control) in the absence or presence of LPS (10 ng/mL, panels A-D) or LTA (0.5 pg/mL, panels E-H).

After 18 h, cytokine secretion was measured in the culture supernatants by ELISA. Graphs show the levels of IL-6 and IL-12p40 as the median and range of data

normalized to the corresponding (LPS + Veh) or (LTA + Veh) condition (both set as 100%). The data correspond to three independent experiments with analytical

duplicates. Significant differences compared to Veh or (LPS/LTA + Veh) are indicated with * and $, respectively (Friedman test with Bonferroni correction for

multiple comparisons, P < 0.05).
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FIG 9 Analysis of the ability of nEgAgB and rEgAgB to bind LPS. nEgAgB, rEgAgB, or hHDL (all at 1 mg/mL) were mixed with an equal volume of LPS (1 mg/mL)
or vehicle (PBSgg) and analyzed by DLS. In parallel, LPS was analyzed under the same conditions. (A) Results are shown as the Z-average of three consecutive

determinations. Significant differences between the selected conditions are indicated with * (t-test, P < 0.05). (B) EQAgB (green circles), total hHDL (hHDL, blue

squares), hHDL3 (light blue diamond), or OVA (gray hexagon, as irrelevant protein control) were immobilized on ELISA plates at 10 pg/mL each. After blocking
with PBS-BSA (1%), biotinylated LPS (1, 10, 100, or 1,000 ng/mL) was added in the absence or presence of hLBP (0.1 pg/mL), as indicated. LPS binding was
detected with Sv-HRP followed by HRP activity determination. The absorbance at 450 nm (Abs4s0), representing the mean + SD of data from three independent

experiments with analytical duplicates, was plotted against LPS concentration. Significant differences compared to OVA or between the selected conditions are
indicated with * and $, respectively (two-way ANOVA and Tukey'’s test, ****/$$$$ P < 0.0001). (C) Molecular docking analysis using HADDOCK of the interaction

between EgAgB8/1 subunit (accession number U6JQF4) and the R2 core and R3 core, O antigen and lipid A regions of LPS.

polymyxin B, but does not hinder LPS delivery to the TLR4-MD2 complex. We cannot
rule out the possibility that EQAgB interacts with polymyxin B influencing results; in our
hands, EgAgB showed a high-affinity interaction with polymyxin B-Sepharose beads
since it resisted elution even in the presence of high urea concentrations. Similar
binding properties between human lipoproteins and polymyxin B have been reported
(47). An alternative mechanism involving direct EJAgB engagement of innate signaling
pathways to induce cytokine secretion is not supported by our results. BMDC activation
by EgAgB was nearly abolished by the TLR4 inhibitor TAK-242 and in Tir4-deficient
BMDC, confirming the critical role of TLR4 signaling, and EgAgB binding to BMDC
occurred independently of TLR4, as demonstrated using WT and Tir2”~ and Tir4”~ BMDC.
Collectively, these results suggest that in our in vitro assays, EQAgB acted as an LPS
carrier, delivering trace amounts of LPS to the MD2/TLR4 complex, even at suboptimal
activation doses. (Fig. 10A). Furthermore, based on data from in vitro binding assays, we
propose that LBP facilitates LPS transfer to EgAgB by extracting LPS monomers from
micelles and transferring them to EgAgB, similarly to its role with other acceptors such as
human HDL (38, 48).

Whether EgAgB could directly trigger inflammatory signaling pathways in myeloid
cells remains to be elucidated. In vitro stimulation with EQAgB caused activation of
immature (increased surface CD86) and mature (increased surface CD40, IL-6, and TNFa
secretion) human DC, which was associated with IRAK phosphorylation and NF-kB
activation (11). Since in that study LPS traces were not detected in EgAgB prepara-
tions (based on LAL assay), this activation was attributed to a direct EQAgB effect. A
putative LPS-independent activation of DC by EgAgB aligns with the residual—albeit
weak—BMDC activation by nEgAgB observed in our experiments using TIr4”~ BMDC.
Lipoprotein receptors could participate in EgAgB-DC interactions since we previously
observed that nEgAgB binding to THP-1T monocytes was partially inhibited by LDL and
HDL (12). The structural similarities between EgAgB subunits and LDL/HDL exchangeable
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apolipoproteins—such as high a-helix content and distribution of polar/charged versus
hydrophobic amino acids—may explain why these evolutionarily distant lipoproteins
share cell receptors. However, a receptor for EQAgB in myeloid cells has not been
identified yet (Fig. 10A); involvement of LDL receptor, LRP1, or SR-A was not supported
by competitive binding assays using monocytes (12). Further investigation is warranted
to decipher putative EgAgB targets in DC.

Despite EgAgB preparations on its own induced BMDC activation, they also parti-
ally inhibited LPS-induced BMDC cytokine and :NO responses when co-administered
with 10 ng/mL LPS (at least one order of magnitude higher than maximal levels in
nEgAgB batches) (Fig. 10C). Interestingly, these responses correlated with a reduction of
LPS-induced CD14 expression and interruption of TLR4 dimerization/endocytosis, which
are initial steps in the TLR4 activation cascade. In agreement with our results, Zhang et
al. recently reported that EgAgB inhibits LPS-induced TLR4 dimerization and endocytosis
in an artificial cell model using HEK293T cells transfected with CD14, TLR4, and MD2 (17).
Considering EgAgB’s ability to bind LPS, our findings suggest that EgAgB modulatory
actions, observed here and previously (11-14, 17), may involve extracellular sequestra-
tion of LPS. LPS capture in the milieu could also participate in the previously described
downregulation effect of heat-treated EgAgB on LPS-induced mature DC activation (11),
considering EgAgB binding to LPS resisted boiling for 10 minutes. This complex scenario
reveals that EgAgB interaction with LPS might have opposite consequences for myeloid
cell activation, at least in in vitro studies. First, EQAgB may facilitate TLR4/MD2* cell
activation by carrying and delivering trace amounts of LPS (Fig. 10A). Conversely, EJAgB
may prevent BMDC activation by scavenging high LPS amounts from the extracellular
milieu (Fig. 10C). The mentioned opposite outcomes would depend on LPS concentra-
tions and EgAgB-LPS binding affinity. Since LPS comprises a group of structurally similar
but non-identical macromolecules (as reviewed by [46]), further studies are needed to
determine how LPS biochemical variations influence its binding to EgAgB. On the other
hand, as EgAgB belongs to a complex multigenic and polymorphic family (49), its ability
to bind and sequester LPS might also differ among EgAgB8 isoforms. EQAgB8/1 is the
predominant subunit in nEgAgB purified from HF of various E. granulosus s.l. species/gen-
otypes (19), but differences in the subunit composition between parasite stages as well
as along the time of the infection in different hosts likely exist (50).

LPS sequestration by EgAgB would interfere with the activation of all TLR4-mediated
signaling pathways triggered by LPS in myeloid cells (Fig. 10B). These pathways include
the TIRAP/MyD88 pathway, which leads to early NFkB activation and primarily drives the
secretion of IL-6 and IL-12p40, and the TRAM/TRIF pathway, which activates IRF3 and
subsequently induces type | interferon production, including IFN-B (51-54). Additionally,
both TIRAP/MyD88 and pathways contribute to the generation of -NO generation, with
TRAM/TRIF/IRF3 playing a significant role in amplifying Nos2 upregulation via autocrine
IFN-B (55). Therefore, the hypothesis of extracellular LPS sequestration aligns with
EgAgB’s modulatory effects on cytokine secretion (IL-6, IL-12p40, and IFN-B) and :NO
generation, observed in this study and previous macrophage research (14, 15). Moreover,
EgAgB’s inhibition of the LPS-induced activation of NFkB and IRF3 in macrophages has
been recently described (17), supporting our interpretation of these results.

Remarkably, consistent with our earlier observations in macrophages (14), we found
selective modulation of the LPS-induced signaling pathways in BMDC. EgAgB inhibi-
ted the secretion of pro-inflammatory cytokines and IFN-B while exhibiting minimal
to no modulation of cell surface CD40 and CD86, even though these responses also
depend on NFkB activation and are enhanced by TRAM/TRIF/IRF3 and IFN-/STAT1 in DC
(reviewed by [56]). Therefore, beyond extracellular LPS sequestration, other factors likely
influenced LPS-triggered myeloid cell activation in the presence of EgAgB. Differences
in activation thresholds among TLR4-MD2 downstream signaling branches triggered
by LPS in BMDC have been reported, with CD40 and CD86 upregulation requiring
approximately five times higher LPS concentrations compared to those needed for
secretion of inflammatory cytokines, such as IL-6 (reviewed by [46]). However, this
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FIG 10 Hypothetical mechanisms involved in EgAgB effects on DC activation. (A) In the extracellular environment, EgAgB carries LPS traces, which could be

transferred to MD2 to trigger a TLR4-mediated inflammatory response in DC. This response would involve TLR4 dimerization and TIRAP/MyD88/NFkB activation,

with the consequence production of low levels of IL-6, IL-12p40, and -NO. TLR4 internalization might lead to a null/limited TRAM/TRIF/IRF3 activation, in

agreement with undetectable IFN-B secretion and slight increases in cell surface costimulatory molecules (CD40 and CD86). Putative, unidentified, EgAgB cell

receptors may be involved in EQAgB/EgAgB-LPS recognition and additional signaling actions from the plasma membrane or endosomes. (B) Scheme of the

main intracellular signaling pathways induced in DC by TLR4/MD2 activation by high concentrations of LPS in the extracellular milieu. TLR4/MD2 activation
results in TLR4 dimerization and TIRAP/MyD88/NFkB activation, inducing the secretion of high levels of IL-6 and IL-12p40, while TRAM/TRIF/IRF3 activation is
responsible for IFN-{ secretion. Both signaling pathways contribute to -NO and cell surface CD40 and CD86 responses, with an important contribution of IFN-f to

-NO production, via IFNR-/STAT1-mediated autocrine activation. (C) In the extracellular environment, EQAgB competes with TLR4/MD2 for LPS binding, capturing

LPS and, in turn, interfering with TLR4 dimerization/endocytosis and the consequent cytokine and -NO responses. In comparison, modulation of CD40 and

CD86 would be less efficient, which may be linked to putative EQAgB/EgAgB-LPS recognition and additional signaling actions from the plasma membrane or

endosomes.

differential threshold does not explain our results since EgAgB’s sequestration of LPS at
levels sufficient to inhibit IL-6 responses should leave residual extracellular LPS levels
insufficient to activate CD40 and CD86, thereby resulting in significant inhibition of
these costimulatory molecules. There is no current data comparing LPS levels required
for IFN-B and CD40/CD86 responses (both dependent on the TRAM/TRIF/IRF3 pathway).
It could be hypothesized that the weak or null modulation of cell surface CD40 and
CD86 results from complementary recognition of EgAgB by cell receptors, which could
activate signaling pathways that upregulate Cd40/Cd86 expression but not pro-inflam-
matory cytokines, thus counterbalancing the modulatory effects on these costimulatory
receptors derived from LPS sequestration (Fig. 10C). This hypothesis aligns with the
concept that innate immune cells possess a set of receptors for danger signals, such
as TLR4, functioning as a multicomponent apparatus for pathogen recognition, wherein
signaling from combinatorial receptors would be integrated to synergize or antagonize
the cell response (57). Recognition and endocytosis of EgAgB/EgAgB-LPS complexes
likely occurred in our BMDC assays, given the previously described EgAgB endocytic
uptake by macrophages (37). Such recognition might have influenced signaling from
the plasma membrane or the endosomal compartment. Altogether, the modulation
of costimulatory molecules in myeloid cells by EgAgB requires further investigation,
including the possibility that additional stimuli (i.e., IFN-y) might influence the efficacy of
EgAgB in inhibiting LPS-driven effects (17).
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Considering the similar size of nEgAgB and HDL (14, 18), our results (based on
DLS analysis and the ELISA-like binding assay) suggest that the apparent affinity of
EgAgB-LPS interaction is higher than that of hHDL/HDL3-LPS. This is consistent with
the observation that in vitro nEgAgB diminished the secretion of inflammatory cyto-
kines at significantly lower concentrations than hHDL, which supports the notion that
EgAgB has a higher potential as an LPS scavenger in the extracellular milieu than HDL.
Noteworthy, an opposite trend was found when we analyzed the effects of EgAgB
and hHDL on LTA-induced BMDC activation, revealing a selectivity for the ligands that
these lipoproteins could bind in physiological conditions. Although both LPS and LTA
are amphiphilic molecules, differences in their size, density of negative groups, and
hydrophobic moieties could explain these results. Besides, despite conserved chemical
structures, substantial diversity exists among these bacterial components, which may
influence the binding capacity of nEgAgB and hHDL/HDL3 and consequently affect cell
activation. Further studies are required to explore the differential capacity of EgAgB to
bind LPS and LTA.

The main protein subunit of nEgAgB, EgAgB8/1, was assembled in vitro as a lipopro-
tein that resembles nEgAgB in all functional assays, although it exhibited a slightly lower
modulatory activity on LPS-driven BMDC activation. These results were in agreement
with those of our previous study on macrophages (14), supporting rEgAgB8/1 as an
interesting model for EgAgB studies despite the impact of differences in lipid compo-
sition and putative protein modifications, which might be worth studying. Molecular
docking analysis, based on the modeled structure of EQAgB8/1, was consistent with
our experimental observations, reinforcing the hypothesis that EQAgB8/1 can directly
interact with LPS molecules. Notably, all LPS regions analyzed—including lipid A,
R2, R3, and the O-antigen—engaged in numerous hydrogen bonds with EgAgB8/1
residues, underscoring the versatility and strength of these interactions. The abun-
dance of hydrogen bonds likely contributes substantially to the affinity and stability
of the complexes formed, supporting an interaction that is both specific and structur-
ally meaningful. The prominent involvement of basic and aromatic residues, such as
Arg66, Arg70, and Phe62, which are known to mediate lipid and glycan interactions in
other apolipoproteins (58, 59), further supports a biologically relevant binding mode.
Collectively, these findings provide a structural rationale for the LPS-neutralizing activity
of EgAgB1 and its proposed role in modulating the host immune response.

The potential of EGAgB to bind and sequester LPS from the extracellular milieu
acting as an LPS scavenger macromolecule raises questions about its physiological
relevance during CE. LPS has been widely used to model TLR-triggered responses
and to study parasite immunomodulation mechanisms in Echinococcus (11, 12, 15,
60-62) and other helminthiasis (63-66) among others), although it is not a helminth-
derived PAMP. However, LPS is commonly found in the liver—the most frequent site
for hydatid establishment and growth—accounting for 68.8% to 80% of cases (67).
Indeed, most luminal LPS can physiologically cross the intestinal barrier, particularly
during fat absorption, and subsequently, travel via the portal vein to the liver (68).
Although LPS levels in plasma or infected tissues from CE patients have not been
evaluated, the contribution of LPS to liver inflammation during infection cannot be
ruled out. Furthermore, alterations in the gut microbiota during CE have been observed
(69), which might influence both the concentration and pro-inflammatory potential
of liver LPS species during infection. Interestingly, EQAgB showed an ability to bind
LPS comparable to—if not greater than—hHDL3, supporting its putative role as an
enteric LPS scavenger in the liver (22). In this scenario, the presence of EgAgB in the
vicinity of the hydatid may prevent LPS-mediated inflammation, thus reducing the
recruitment of potentially harmful immune cells. Notably, in vivo administration of EQAgB
was found to protect against pathology in murine models of colitis and sepsis by
cecal ligation and puncture (CLP), likely involving modulation of the differentiation of
macrophage populations toward less inflammatory, M2-like phenotypes (15, 16). In both
models, systemic increases in LPS levels are expected. Our findings suggest that EgAgB
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protective effects in these models may include LPS sequestration, limiting TLR4-depend-
ent activation pathways in immune cells and, thereby, inhibiting macrophage differentia-
tion into classic pro-inflammatory phenotypes.

In summary, this work sheds light on a novel binding property of EgAgB that
may represent a potential parasite strategy to mitigate host inflammation against the
hydatid. The multigenic and polymorphic nature of the EgAgB family could broaden the
spectrum of LPS species that can be recognized and bound. Whether EgAgB interacts
with other PAMPs remains to be fully investigated; however, its failure to inhibit LTA-
trigger BMDC activation suggests a more selective recognition profile than HDL. It is
worth noting that EgAgB’s ability to bind LPS does not account for other modulation
effects on myeloid cells, such as the inhibition of the activation and/or chemotaxis
of neutrophils (9, 10, 44) and monocytes (4), and the FcR-mediated phagocytosis by
macrophages (17). Thus, further studies are warranted to elucidate, at the molecular
level, additional EQAgB mechanisms with regulatory effects on myeloid cells.
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