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Reverse vaccine formulations have shown their potential for the treatment of
allergies and other autoimmune diseases by the design of antigens that modify
dendritic cell function towards tolerogenic responses. We here demonstrate that
modification of an immunodominant peptide from factor VIII (FVIII) with a
tolerizing molecule, sialic acid, improves existing peptide formulations towards
the induction of tolerogenic cytokine secretion by DCs. Sialic acids are the end-
standing moiety of mammalian N- and O- glycans, which are naturally
recognized as self-associated molecular pattern. In this paper we show that
sialic acid modified FVIII peptides target Siglec-3 and -9 on DCs and increase IL-
10 secretion. Our work proposes a method to select, synthetize and test sialylated
immunodominant peptides with the aim of ameliorating the efficacy of peptide
immunotherapy. Based on our results, we propose that the sialylated FVIII peptide
designed in this study may be useful for re-establishing tolerance to FVIII in
hemophilia A patients who developed neutralizing antibodies following
treatment.
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1 Introduction

Peptides are used in reverse vaccination as an alternative to
whole-antigen formulations to achieve tolerance in allergies and
autoimmune diseases, as demonstrated by the ongoing clinical
trials in type 1 diabetes (Van Rampelbergh et al., 2023), Graves’
(Pearce et al., 2019) and MS (Chataway et al., 2018). The use of
immunodominant sequences allows for the reduction of costs and
risks associated with infusing the full antigens, while still
maintaining control over the amounts injected. Recently,
peptide immunotherapy has been tested in preclinical models of
hemophilia A (HA) (Pletinckx et al., 2022), which is an X-linked
genetic disorder caused by mutations of coagulation factor VIII
(FVIII) (Mannucci and Franchini, 2014). Although the quality of
life of these patients significantly improved in the last decades, up
to 30% of them still develop neutralizing antibodies to FVIII, called
inhibitors, hampering the success of the treatment. Currently, the
only available option to eradicate the inhibitors is Immune
Tolerance Induction (ITT), which consists of repeated infusions
of FVIII at high doses for a prolonged period of time. ITT poses a
high burden on the patients and the healthcare system, and success
rate varies between 60% and 90% (Oomen et al., 2023). Better
alternatives to promote tolerance to FVIII are therefore needed,
aiming at 100% eradication of the inhibitors while using limited
amount of antigen and fewer injections. A recently published
approach which employs FVIII peptides has proved promising
in an experimental model of HA (Pletinckx et al.,, 2022). The
strategy from Pletinckx et al. is based on the use of antigen
processing-independent T cell epitopes (apitopes) (Pletinckx
et al., 2022). Strict chemical requirements allow apitopes to
directly bind MHC-II on steady state APCs in lymphoid
organs. In the absence of concomitant danger signals, these
immature APCs presents antigens to T cells in a tolerogenic
way, skewing them to type 1 regulatory T cells (Trls). Trls
express inhibitory receptors (CTLA4, TIM3, LAG3, TIGIT) and
mostly secrete IL-10, creating a microenvironment that suppresses
the expression of co-stimulatory molecules on neighboring APCs
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and promotes the generation of IL-10-secreting By, and myeloid-
derived suppressor cells (Pletinckx et al., 2022). However,
complete eradication of the inhibitors was not achieved with
apitopes in the preclinical models and the protocol required
frequent injections, which will likely affect patients’ compliance.
To improve the efficacy of such peptide formulations, we propose
to modify FVIII peptides by chemically conjugating them to a
tolerogenic signal, sialic acid (sialylation). Sialic acids are
monosaccharides capping the majority of mammalian glycans
(Varki et al., 1999). Sialylated glycans are the ligands for
called
immunoglobulin-like lectins (Siglecs), broadly expressed by

immunosuppressive  receptors Sialic-acid-binding
immune cells (Crocker et al, 2007). The majority of Siglecs
signals through an Immunoreceptor tyrosine-based inhibitory
motif (ITIM) (Angata et al., 2022). Upon binding to sialylated
ligands, phosphorylation of the ITIM by adaptor proteins, mainly
SHP1 and 2, initiates a cascade that culminates in inhibition of
NFkB translocation in the nucleus, resulting in immune
suppression (Angata et al, 2022). The family of Siglecs
comprise fifteen lectins, which differ in their preference of
binding to specific sialoglycans and their pattern of expression
in immune subsets (Angata et al., 2022). Targeting Siglec-9 with
sialylated dendrimers induced a tolerogenic profile in monocyte
derived dendritic cells (moDCs) in vitro (Liibbers et al., 2021).
Moreover, in the context of allergies, sialylation of the house dust
mite allergen reduced the detrimental secretion of Th2 cytokines
from PBMCs (Keumatio Doungtsop et al., 2024) and treatment
with sialylated peptides ameliorated the symptoms of grass pollen
allergy in vivo (Hesse et al., 2019). In this study, we present an
improvement of sialylated peptide formulations by rational design
of the peptide sequence, in order to target the largest portion of
population, and of the sialylated glycan to improve targeting to
Siglec-9. We demonstrate that our implemented peptide
formulation binds both to Siglec-3 and -9. We further show
that stimulation of monocyte-derived DCs (moDCs) with
sialylated peptides induces IL-10 secretion in a Siglec-3 and
Siglec-9 dependent manner. IL-10 was shown to be a key signal

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1558627

Nardini et al.

in the response to FVIII to restore and maintain tolerance (Karim
et al., 2020), suggesting that our FVIII peptide formulation might
prove useful in the treatment of HA patients with inhibitors.

2 Methods

2.1 Peptide synthesis and conjugation to the
sialylated glycan and to TAMRA

FVIII derived peptide (KHNIFNPPIIARYIRLHPTHYSIRST;
residues 2,155-2,180) was synthesized by solid-phase using Fmoc
chemistry on a CEM Liberty Blue peptide synthesizer and conjugated
to Neu5Aca2-3GalB1-4GIcNAcB1-3Galp1-4Glc (LSTd) and 5(6)-
Carboxytetramethylrhodamine (TAMRA, Sigma). The detailed
method is described in the supplementary materials.

2.2 In silico analyses

Predictions of the binding affinities to various HLA-DRB alleles
were computed using the publicly available software
NetPanMHCII4.0 (Reynisson et al., 2020), while PEP-FOLD; was
used to predict the secondary structures (Lamiable et al., 2016).

2.2.1Ligand preparation for computational analysis

The 3D coordinates for Sia were generated using the GLYCAM
database. Subsequently, the ligand geometries underwent
optimization through molecular dynamics (MD) simulations.
Siglec-9 model was built using AlphaFold (Jumper et al.,, 2021).
An AlphaFold homology model was used to run MD simulations.
MD simulations were carried out with AMBERI18 package
implemented with the ff14SB for proteins. As for natural glycan

moieties, the GLYCAMO06j-1 forcefield was used.

2.2.2 Docking calculations

Docking calculations of the glycan were performed using
AutoDock 4.2 (Morris et al., 2009). The docking protocol was
validated by using the AlphaFold modelled structure from Siglec-
9. A total of 200 runs using Lamarckian Genetic algorithm was
performed, with a population size of 100. After docking, the
100 solutions were clustered in groups with root-mean-square
deviation less than 1.0 A. The clusters were ranked to the lowest
energy representative of each one.

2.2.3 MD simulations

MD simulations were conducted using AMBER 18 with explicit
water and specific forcefields (Glycam06j-1 for glycans, FF14SB for
proteins, and Gaff for organic moieties) (Case et al., 2018). Proteins
were prepared by adding missing hydrogens, setting ionizable group
states, and capping termini. Input files were created using the
AMBER tleap module, energy minimizations were done with
Sander, and MD simulations were performed with PMEMD.
Systems were placed in a TIP3P water box, neutralized with
counterions, and refined using energy minimization. Simulations
included heating (0-300 K), equilibration, and a 100 ns production
run with 1 fs timesteps. Trajectories were analyzed for stability and
structural properties using Cpptraj, and visualized with PyMOL.
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2.3 Validation of sialylation and binding
to Siglecs

The presence and functionality of the sialylated glycan was
confirmed by ELISA with a2,3-specific Lectenz (Lectenz Bio),
Maackia Amurensis Lectin I (MAL-I) (Vector Laboratories), and
Sambucus Nigra Lectin (SNA, EBL) (Vector Laboratories), while
binding to Siglecs was similarly assessed by ELISA with Siglec-Fc
described in the

chimeras. The detailed methods are

supplementary materials.

2.4 Binding/uptake experiments of TAMRA-
(sia)FVIll2155-2180

PBMCs were isolated from the buffy coats of healthy donors
(Sanquin, reference: S03.0023-XT) by Ficoll density gradient and
monocytes were obtained by Percoll density gradient. These were
cultured for 5 days to generate monocyte-derived dendritic cells
(moDCs), as previously described (Bax et al., 2011). At day 5 of
differentiation, 0.1 x 10° moDCs per time point incubated on ice for
30 min with 10 uM of TAMRA-FVIII;;55,150 or TAMRA-
siaFVIIL 55 5150 diluted in blocking buffer (HBSS (Invitrogen) +
0.5% BSA). Next, 0.1 x 10° moDC were placed on ice as time point
zero, while the rest of the sample was incubated at 37°C for the
number of minutes indicated in Figure 3E. After the last incubation
step, cells were washed twice with blocking buffer, stained with the
fixable-viability-dye efluor780 (Invitrogen), fixed in 1% PFA and
measured at the LSRFortessaX-20 (BD Bioscience). The data were
analyzed with FlowJo (v10) by gating on the alive cells and extracting
the MFI of TAMRA. Every time point of each peptide (FVIIL,;55 2150
or siaFVIIl,;55.5180) Was normalized over time point 0.

2.5 Phosphorylation analysis

The phosphorylation of Siglec-9 induced by sialylated peptides
assessed with the
(R&D
manufacturer’s instructions. For the generation of the cell lysates,
1 x 10° CD14" isolated monocytes were first starved in FSC-free
RPMI-1640 medium for 4 h at 4°C and then stimulated for
approximately 15 min with 10 uM FVIIIy;55.5150 or siaFVIII,ss

in monocytes was Human Phospho-

immunoreceptor array kit systems) according with

2180 at 37°C, previously coated overnight at 4°C in a 24-well plate.
The cell lysates were then obtained with the kit’s buffers, their
concentration was determined with the micro-BCA protein assay kit
(Thermo Scientific) and 50 pg were used for the array.

2.6 Generation of the knock-outs

One million monocytes were obtained from PBMCs of healthy
donors by positive selection using CD14" MACS beads (Miltenyi)
and then nucleofected with 2.5 pL of a 20 puM solution of
precomplexed RNPs, as previously described (Hiatt et al., 2021).
Briefly, stock solutions of 20 uM RNPs were generated by incubating
equal volumes of 40 pM Cas9 nuclease protein NLS (Horizon
CAS12206) and 80 uM gRNAs at 37°C for 15 min. These were
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FIGURE 1

Selection of the FVIIII sequence to be conjugated to the Siglec-9 ligand (Sia). (A) Schematic showing the immunodominant sequences identified in
Steinitz et al. (2012). (B) Promiscuity of binding to the most common HLA haplotypes in the Caucasian population, plotted as the inverse of the sum of
ranks predicted in silico. (C) The closed hexagonals shown in the radar charts represent the percentile rank (ranging from 0.1% to 100%) to each HLA-DRB
allele for peptides #2 and #8, representative of the most and the least promiscuous peptides respectively.

then immediately used or stored at —80°C. GuideRNAs targeting
Siglec-3 CGGTGCTCATAATCACCCCA and Siglec-9 CCCTCT
CCCTCCCCCAGAGC were synthesized by Genscript using their
CRISPR gRNA Synthesis Service. Mock monocytes were obtained by
precomplexing tracrRNA (Dharmacon, U-002005-0,050) with Cas9
and double KO were generated by mixing equimolar ratios of single
gRNAs to a final concentration of 80 puM. After nucleofection, the
monocytes were cultured for 5 days to generate moDCs as described
in paragraph 2.4.

2.7 Cytokines secretion from moDCs and
surface marker expression

At day 5 of differentiation, 0.5 x 10° wild type, mock, Siglec-9,
Siglec-3/-9 double knock-out moDCs were stimulated with 10 uM
of FVIII, 55 5180 or siaFVIII,155.0150 and matured overnight with
10 ng/mL LPS (LPS-EB Ultrapure from E. coli O111:B4,
Invivogen). Samples without LPS were taken along as controls.
The supernatants were collected and stored at —20°C to be
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processed with LEGENDplex™ Human Inflammation Panel 1
(13-plex) (BioLegend, 740,809), which was then performed
according with the manufacturer’s instructions. Cytokine
concentrations determined BioLegend’s
LEGENDplex™ data analysis software, while the cells were

processed for flow cytometry analysis. Briefly, the cells were

were using

incubated on ice for 15 min with fixable viability dye
eFluor450 (Thermo Fisher) and Fc-block (BD Biosciences).
Then, moDCs were stained for 30 min on ice with the
antibody mix (Supplementary Table S2) diluted in PBS +0.1%
BSA (Roche) +0.02% sodium azide. Finally, samples were fixed in
1% PFA, measured at the LSRFortessa X-20 and analyzed with
FlowJo (v10).

2.8 Statistics

All tests were performed using Graphpad PRISM version 10 or
the R package ggstats (Larmarange, 2024). P-values <0.05 were
considered significant.
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FIGURE 2

Selection of Siglec-9 ligand (Sia) and conjugation to FVIII. (A) Different views highlighting H-bonds between the 3D model of Siglec-9 and the Sia,
monitored by MD simulation. The strands involved in the recognition are colored by type: F-p strand in yellow and CC-loop in green. The ligand is
represented following SNFG color-code. B, (C) Close up views of the interactions between Siglec-9 and the first (B) or second half (C) of the sialoglycan.
(D) PEP-FOLD3 prediction of the secondary structure of FVIll»1s5-2180 in physiological conditions. The red arrow indicates the site of conjugation to

Sia. (E) a2.3PanLectENZ binding to siaFVIllz155_2180. The dotted line marks the mean O.D. value of a2.3 PAA used as a positive control. Representative of
3 independent experiments performed in duplicate. Statistics: unpaired t-test.

3 Results
3.1 Selection of the peptide sequence

To choose the peptide sequence, we shortlisted FVIII
immunodominant T cell epitopes identified by Steinitz and

colleagues (Steinitz et al,, 2012) (Figure 1A; Supplementary Table
S3). For each core peptide, i.e., the 21-aminoacid sequence fitting into
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the MHC-II groove, the prediction of binding to the most common
HLA-DRB alleles in the Caucasian population (Alexander et al., 1994;
Panina-Bordignon et al, 1989) was computed using
NetMHClIIpan4.0 (Reynisson et al., 2020). The percentile rank
score was used to summarize the promiscuity of binding of every
sequence. This value represents the predicted affinity of the input
sequence compared to a set of 100,000 random natural peptides, it is
thus not inherently biased. We then calculated the sum of ranks to
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values are plotted as fold change to the positive control, set as 100% of binding. Data are presented as mean of three independent experiments. B, (C)
Concentration dependent curves of binding to Siglec-3 (C) and Siglec-9 (D) of siaFVlll155_2150. Data are shown as mean + SD of two technical duplicates
of three independent experiments.D. Siglec-3 and Siglec-9 expression in unstimulated moDCs (naive) and moDCs stimulated overnight with 10 ng/

mL LPS assessed by flow cytometry. The data represent the percentages of Siglec-positive cells, expressed as mean of 4 (Siglec-3) or 6 (Siglec-9)
donors + SD. Each dot represents one donor. Statistics: paired t-test, ns = not significant. (E) Binding/uptake of TAMRA-(sia)FVIlI5155-2180 in MoDCs
measured by flow cytometry. Median fluoresce intensities (MFls) are plotted as relative to time point O (binding), as mean of 8 donors + SD. Statistics:

paired t-test, ns = not significant.

each HLA-DRB haplotype and plotted it as the inverse figure
(Figure 1B). Core sequence #8 scored as the most promiscuous,
being classified among the top 1% binders for four alleles and
within the top 17% for the others (Figure 1C). As expected, all the
sequences are predicted to be strong binders for DRB1*¥15:01, since
they were identified by Steinitz et al. in a mouse model humanized
with this haplotype. This confirms the reliability of the percentile rank
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score as a proxy measure for promiscuousness. Based on these results,
we selected core peptide #8 and synthesized a 25-mer peptide
spanning residues 2,155-2,180 of FVIII, which included core
sequence #8. This longer peptide was designed to require antigen
processing by APCs prior to MHC-II presentation, thereby preventing
direct binding of the core peptide to empty MHC-II molecules. In the
following sections, this peptide is referred to as “FVIII,;55.2150 . We
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FIGURE 4

Stimulation of monocytes with siaFVIll;1s5-2180 activates Siglec-9 and promotes IL-10 secretion via Siglec-3 and Siglec-9. (A) Phospho-
Immunoreceptor array of monocytes from one donor stimulated with siaFVIllz1s5-2180 Or FVIlI1s5-2180. (B) Quantification of A, plotted as pixel density
analyzed with Fiji. Data are presented as (C) Schematic of the experimental workflow; monocytes were nucleofected with Cas9 pre-complexed with
gRNAs targeting Siglec-9 or a combination of Siglec-9 and Siglec-3. The cells were differentiated to moDCs for 5 days and then stimulated overnight

with siaFVlll1s5-2180 in the presence of LPS. Illustration was generated with biorender.com. (D) Histograms showing Siglec-3 (left) and Siglec-9 (right)
expression across moDC mock, Siglec-9, Siglec-3 and double KO. (E) Gating strategy used to select Siglec-9 and Siglec-3 positive cells. (F) Percentages
of Siglecs KO in the moDC cultures, analyzed by flow cytometry. (G-J) IL-10 secretion in mock, Siglec-9 single KO, Siglec-3 single KO and Siglec-3 and

(Continued)
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FIGURE 4 (Continued)
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-9 double KO respectively, quantified with cytokine bead assay. Data are presented as box plots, the median is specified in text underneath. Statistics:
Durbin-Conover pairwise test with Holm-Bonferroni correction for multiple comparisons. Each dot is the mean of two technical duplicates per donor,

number of donors is specified in text in each graph. p = median.

next interrogated the IEDB software to compute population coverage
worldwide for FVIII, ;55 5150, which resulted to be higher than 75%
(Bui et al., 2006). Overall, these findings underscore the rationale for
selecting core peptide #8 and designing the extended FVIIL 55150
peptide, which demonstrated broad predicted HLA-DRB binding
promiscuity and global population coverage.

3.2 Selection of Siglec-9 ligand and
conjugation to FVIll155-2180

We then conjugated FVIIL,55.150 to sialic acid (Neu5Ac), to
target it to the immune inhibitory receptor on DCs, Siglec-9 (Zhang
etal., 2000). Siglec-9 belongs to a family of 15 lectins, the majority of
which carries an intracellular inhibitory motif to suppress the
immune response upon binding to sialic acid. Siglecs show
preferential binding to different sialylated glycans. It is known
that Siglec-9 preferentially binds N-glycans with terminal «2.3-
Neu5Ac (Briard et al.,, 2018; Narimatsu et al., 2019; Blixt et al,,
2004; Rodrigues et al, 2020), so we used the tetrasaccharide
Neu5Aca2-3Galp1-4GlcNAcP1-3Gal (Sia) to chemically modify
FVII, 552180 (depicted in Figure 2A and addressed to as
To study the
interactions of Sia with Siglec-9, docking to the V-set domain of

siaFVIIL,155.2180 in the following sections).

Siglec-9 was performed. The interactions were mapped to propose a
molecular description of the complex (Figures 2A-C). The 3D
models showed a stable salt-bridge interaction between the
carboxylate group of Neu5Ac and the guanidinium group of
R120 along the simulation (Figure 2B). Neu5Ac established polar
interactions involving the O9 of its glycerol chain, through the
formation of H-bonds with the lateral chain of N129. An additional
contact from O7 of the glycerol chain with K127 was also observed
(Figure 2B). The results from the MD simulation further showed
that D69 from the CC-loop and K131 and K127 from the F-f strand
were highly implicated on the accommodation of Gal, stabilizing the
ligand into the binding pocket (Figures 2B,C). Specifically, the
position O6 of Gal established a hydrogen bond with the lateral
chain of N67 and its O4 with D69. The GIcNAc and the reducing Gal
established within K127 and R134,
respectively. This suggests that this is the particular position

transient interactions
where the following peptide FVIIL 155 5150 is coupled (Figure 2A).
We next modelled the secondary structure of FVIII,; 555550 with
PepFold3, of which one representative conformation is shown in
Figure 2D. Amino acids from P2143 to Y2148 formed an alpha helix.
We reasoned that it would be an advantage to guarantee flexibility
and availability of binding to Siglec-9 to conjugate Sia to the
N-terminus, indicated by the red arrow, given that it is not
helix. We subsequently tested for the
functionality of Sia after chemical conjugation to the peptide by
ELISA. We observed that siaFVIII,; 55,50 but not FVIIL 555180
bound to a2.3PanLectENZ (Figure 2E) and to MAL-1 but not to

involved in the
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SNA (Supplementary Figure S2A-B), known to only recognize
a2,6 sialic acids and used as a negative control. In conclusion,
of FVIl 552180 with Sia
demonstrated strong in silico engagement with the V-set domain

sialylation at the N-terminus

of Siglec-9 and enhanced the binding of a2.3-specific lectins.

3.3 siaFVlll155-2180 efficiently binds to
Siglec-3 and Siglec-9 and it is bound/
internalized by moDCs

Dendritic cells are the main immune subtype involved in
antigen presentation to T cells and they express several Siglecs,
Siglec-1, -3, -7, -9, -10 and —15 (Liibbers et al., 2018). We tested
these Siglecs by ELISA for binding to siaFVIII,;s55 5150 Observing
that siaFVIII,;s52150 bound Siglec-9, and also engaged Siglec-3
(Figure 3A). A concentration dependent-binding was observed
both for Siglec-3 and Siglec-9 to siaFVIIL,;s55 2150 (Figures 3B,C),
further confirming that both the lectins can recognize the sialylated
glycan on the peptide backbone. To investigate the capacity of
siaFVIIL,155 2180 to be internalized by DCs, binding/uptake to
monocyte-derived DCs (moDCs) was investigated by flow
cytometry with (sia)FVIII,j552150 fluorescently labelled with
TAMRA. Siglec-3 and Siglec-9 expression by moDCs was
confirmed by flow-cytometry in unstimulated (naive) and LPS-
matured moDCs (Figure 3D; Supplementary Figure S3A). Naive
cells were incubated for 30 min with TAMRA (sia)FVIIL,;55.5150 at
4°C and then at 37°C for different time points. Given that the
variability between donors was great (Supplementary Figure S3C),
data were normalized over time point 0, addressed to as “binding”
(Figure 3E). From the resulting curves, it can be inferred that
moDCs are equally able to bind/internalize FVIII,;s5,150 and
siaFVIIL 55 2150.

3.4 siaFVlll>155.2180 activates Siglec-9 on
monocytes and promotes IL-10 secretion
from dendritic cells via Siglec-3 and Siglec-9

We then tested whether siaFVIII,; 555,50 could activate
Siglecs. We used tyrosine phosphorylation as marker for
activation of Siglecs on monocytes stimulated with (sia)
FVIII, 55 2180 tested with an array of immunoreceptors blotted
on a membrane and detected with anti-phophoTyr-HRP.
Interestingly, siaFVIII,;55.2150 selectively induced Siglec-9
phosphorylation (Figures 4A,B; Supplementary Figure S1A-B),
indicating that Siglec-9 is the main receptor targeted by the
further explore the

modulatory properties of the immune response induced by

sialylated peptide. To functional

Siglec-targeting with siaFVIII;; 55 5150, We analysed maturation
markers and cytokine secretion in LPS-matured moDCs. Primary
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monocytes knocked out of Siglec-9, Siglec-3, or a double KO of
both Siglec-9 and Siglec-3 were generated by CrisprCas9 (Figures
4C-F), cultured for 5-day with IL-4 and GM-CSF to generate
moDCs and then stimulated overnight with FVIII,;55 5150 Or
siaFVIIl,i55.2150 in the presence of LPS. Binding of
TAMRA(sia)FVIII, 555130 to the mock and KO cells was
confirmed by flow cytometry (Supplementary Figure S1C-D).
No differences were detected in the expression of maturation
(CD80, CD86) or tolerogenic (TIM3, PDL1) markers (Supp. Fig.
E-H). A panel of essential cytokines was tested by bead array, of
which IL-10 was the only cytokine showing significant differences
between the groups (Supplementary Figure S1I). In mock
moDCs, siaFVIIl,is5.2150 induced IL-10 secretion (Fig.G),
while in the Siglec-KO cells this effect was not observed
(Figures 4H-J), suggesting that functionally both Siglecs are
needed to achieve immune modulation with siaFVIIL,;55.5150-

4 Discussion

The objective of the present study was to develop a novel FVIII-
peptide formulation with improved targeting to two immune
inhibitory receptors, Siglec-3 and Siglec-9 on DCs to be
employed as reverse vaccines for hemophilia A patients with
inhibitory FVIII antibodies.

In silico analyses of FVIII core peptides’ binding promiscuity to
frequent Caucasian HLA-DRB alleles shortlisted a sequence
predicted to cover 75% of the global population (Figures 1A-C).
This estimate should be confirmed in vitro by employing an array of
MHC-II However, independent that
characterized the immunodominant peptidome of FVIII using

molecules. studies
mass spectrometry identified peptides within the FVIIL,;s5250
region across various donors (van Haren et al., 2011; Diego et al,
2020). Moreover, T cells reactive with peptide 12163-T2,179, within
FVIII,155 2180, Were isolated from an HA patient (Jacquemin et al.,
2003). Altogether, this evidence reinforces our results. Population
coverage could be increased by synthetizing a pool of epitopes, given
that chemical coupling of Sia is potentially feasible for every FVIII
epitope, but using one sequence enhances scalability and
standardization. Moreover, chemical synthesis is preferable over
production of whole antigens in cell-based systems due to cost and
ease of standardization.

PEP-FOLD:; predictions of the secondary structure of FVIIL,; 55
to Y2148,
corresponding to P3-P8 of the core sequence fitting into the

2180 showed an a-helix encompassing P2143
MHC-II groove. P4 and P6 anchor amino acids are part of the
helix, but FVIIL, 55.2180 processing  before
presentation, the rigidity of the helix is not expected to interfere

since requires
with binding. Moreover, the analysis of the secondary structure
guided the choice of coupling Sia in a non-structured end-terminal
of the peptide, so that binding of Sia to Siglecs would not be impeded
by the rigidity of the aminoacidic scaffold.

Although Pletinckx et al that peptide
immunotherapy reduced inhibitors in HA mouse models, the

demonstrated

development of these antibodies was not impeded (Pletinckx
et al, 2022). To enhance efficacy, we proposed to couple the
peptides to sialic acids to target Siglecs. It is well established that
Siglecs engagement promotes immune tolerance in various contexts,
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such as controlling excessive inflammation during sepsis (Spence
et al, 2015). In HA, targeting Siglec-2 on B cells with sialylated
nanoparticles containing FVIII achieved complete tolerance
(Macauley et al, 2013). Given that DCs are the main antigen-
presenting cells and that the development of inhibitors requires
APCs’ licensing, we designed a sialylated saccharide to target Siglec-
9, highly expressed on DCs (Figure 3D). While we selected the a2.3-
sialylated tetrasaccharide based on MD simulations to Siglec-9
(Figures 2A-C), we also observed binding to Siglec-3 (Figures
3A-C). This is not unexpected, as Siglecs are known for binding
promiscuity, and the specific ligands are not yet fully elucidated for
all the lectins. Interestingly, targeting Siglec-3 was explored for
Alzheimer’s disease, where its suppression of microglial activity
was found to be detrimental (Griciuc et al., 2013). However, in the
present study Siglec-3 engagement could be advantageous, since it is
an inhibitory Siglec and its pattern of expression is mainly restricted
to APCs. Despite plate-bound siaFVIIL,55 5,30 was shown to bind
Siglec-3 and Siglec-9 (Figures 3A-C), no differences in peptide
binding/uptake were observed, regardless of sialylation, on
moDCs (Figure 3D; Supplementary Figure S2B-C). While Siglec-
1 and Siglec-2 are described to be endocytic receptors (Delputte
et al,, 2011; O'Reilly et al,, 2011), to our knowledge there are no
studies linking Siglec-3 and Siglec-9 to improved internalization,
their main role being immunosuppression via ITIMs. It is therefore
expected that o2.3-sialylation would not improve endocytosis of
FVIII-peptides by moDCs. Given the phagocytic function of
moDCs, a non-specific uptake of the unsialylated peptide is also
expected. However, our detection system with TAMRA as
fluorochrome may have lacked sensitivity, and results should be
confirmed by a different tracking system.

Interestingly, when we measured Siglecs activation, we could
only detect phosphorylated Siglec-9 (Figures 4A,B) and not Siglec-3
(Supplementary Figure SIA-B). This confirms that Siglec-9 will
likely be the main target of siaFVIII,;s5.,150, While binding to
Siglec-3 might not be strong enough to also induce signalling.
Low Siglec-9 phosphorylation (pSiglec-9) was detected in samples
treated with FVIII,;55.5150. Recent research also reported pSiglec-9
in control-treated samples (Rodriguez et al., 2021; Liibbers et al.,
2021). These and our data suggest that pSiglec-9 observed with
FVIII,155 2180 is not induced by the treatment with the peptide but
represents a physiological condition of unstimulated monocytes.

Lectins bind glycans with low affinity, with avidity enhancing
the interaction (Dam and Brewer, 2010). A multivalent presentation
of the ligand is generally advantageous (Gonzalez-Gil and Schnaar,
2021). Since a single sialylated moiety on an aminoacidic sequence
may not achieve optimal multivalency, we coated the peptides on a
plate for binding and monocyte-stimulation assays, to enhance the
sensitivity required for assessing Siglec-triggering in vitro.

In the present study, we demonstrated that IL-10 secretion
from moDCs can be induced by triggering Siglecs with
siaFVIIl,155.0150 (Figure 4G). While previous research from
our group showed that a2.3-sialylated dendrimers can achieve
the same effect (Liibbers et al., 2021), the key advantage of our
approach is its antigen specificity. By conjugating Sia to an
immunodominant-FVIII-derived peptide, we ensured that the
tolerogenic signal was directly linked to the antigen towards
which tolerance is to be induced. However, further research is
needed to confirm this hypothesis. We also demonstrated that IL-
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10 secretion is dependent on Siglec-3 and Siglec-9, as confirmed
by knock-out experiments (Figures 4H-]). We detected low IL-10
secretion in Siglec-3 and double KOs, suggesting that Siglec-3
might play an essential function in moDC biology which cannot be
functionally tested with a knockout. We did not observe any
differences in cell viability between the nucleofected cells, and we
could detect most of the cytokines tested due to the high sensitivity
provided by the bead array. Even though IL-10 was the only cytokine
significantly altered in the mock moDCs by siaFVIIL 552150
treatment, other cytokines were upregulated that are considered to
be pro-inflammatory (IP-10, IL-4, TNF-q, and IFN-y). However, the
maturation and tolerogenic markers were not affected regardless of
peptide-treatment or Siglec-expression (Supplementary Figure S1E-
H), which is an observation in line with previous research on
immune-modulation induced by sialylated glycans (Liibbers et al.,
2021). Overall, despite the presence of pro-inflammatory cytokines,
the activation status of moDCs was not altered by siaFVIII, 55130,
and we measured significant induction of IL-10 secretion. IL-10 is a
key cytokine in immune homeostasis, and dysregulations of its
pathway have been linked to a number of autoimmune and
inflammatory diseases, such as IBD, RA and SLE (Wang et al,
2019). The development of inhibitors is an immune-related
complication with an unclear cause, but it shares mechanisms with
breakdown
(Varthaman and Lacroix-Desmazes, 2019). Therapies aiming at

tolerance tolerance observed in autoimmunity
restoring IL-10 levels are already widely being investigated for
autoimmune diseases (Wang et al., 2019). Moreover, it was shown
that IL-10 is a key cytokine to restore tolerance to FVIII in hemophilic
mice (Oliveira et al., 2013). Concluding, we suggest that promoting IL-
10 secretion from moDCs via Siglec-3 and Siglec-9 with sialylated
FVIII-derived peptides as shown in this study could also could help
restore a tolerogenic milieu in HA patients that developed neutralizing

antibodies to FVIIIL.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving humans were approved by Medical Ethics
Committee of Sanquin Blood Supply. The studies were conducted in
accordance with the local legislation and institutional requirements.
The participants provided their written informed consent to
participate in this study.

Author contributions

EN: Conceptualization, Investigation, Writing - original draft.
B-CK: Writing - review and editing. TG-A: Investigation,
Writing - review and editing. AdH: Writing - review and
editing. MdK: Methodology, Writing - review and editing. EP:

Frontiers in Bioengineering and Biotechnology

10

10.3389/fbioe.2025.1558627

Methodology, Writing - review and editing. HK: Methodology,
Writing - review and editing. R-JL: Writing - review and editing.
FC: Writing - review and editing. AS: Writing — review and editing.
JV: Writing - review and editing. YvK: Conceptualization,
Writing - review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was financially
supported by European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant
agreement No 859974 EDUC8 and HEALTH HOLLAND
(HH LSHM19073).

Acknowledgments

The authors thank Vania Lo Presti and the members of the
group of YK for the fruitful discussions and suggestions.

Conflict of interest

Authors EP, R-JL and YvVK were employed by 4DC4U
Technologies.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that
board member of Frontiers, at the time of submission.

they were an editorial
This had no impact on the peer review process and the

final decision.

Generative Al statement

The authors declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1558627/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2025.1558627/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1558627/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1558627

Nardini et al.

References

Alexander, J., Sidney, J., Southwood, S., Ruppert, J., Oseroff, C., Maewal, A., et al.
(1994). Development of high potency universal DR-restricted helper epitopes by
modification of high affinity DR-blocking peptides. Immunity 1, 751-761. doi:10.
1016/s1074-7613(94)80017-0

Angata, T, VON Gunten, S., Schnaar, R. L., and Varki, A. (2022). I-type lectins.
Essentials of Glycobiology. Cold Spring Harbor (NY): Cold Spring Harbor Laboratory
Press.

Bax, M., Kuijf Mark, L., Heikema Astrid, P., Van Rijs, W., Bruijns Sven, C. M., Garcia-
Vallejo Juan, J., et al. (2011). Campylobacter jejuni lipooligosaccharides modulate
dendritic cell-mediated T cell polarization in a sialic acid linkage-dependent manner.
Infect. Immun. 79, 2681-2689. doi:10.1128/iai.00009-11

Blixt, O., Head, S., Mondala, T., Scanlan, C., Huflejt, M. E., Alvarez, R,, et al. (2004).
Printed covalent glycan array for ligand profiling of diverse glycan binding proteins.
Proc. Natl. Acad. Sci. 101, 17033-17038. doi:10.1073/pnas.0407902101

Briard, J. G., Jiang, H., Moremen, K. W., Macauley, M. S., and Wu, P. (2018). Cell-
based glycan arrays for probing glycan-glycan binding protein interactions. Nat.
Commun. 9, 880. doi:10.1038/s41467-018-03245-5

Bui, H. H,, Sidney, J., Dinh, K., Southwood, S., Newman, M. J., and Sette, A. (2006).
Predicting population coverage of T-cell epitope-based diagnostics and vaccines. BMC
Bioinforma. 7, 153. doi:10.1186/1471-2105-7-153

Case, D., Ben-Shalom, 1., Brozell, S. R., Cerutti, D. S., Cheatham, T., Cruzeiro, V. W.
D., et al. (2018). Amber 2018.

Chataway, J., Martin, K., Barrell, K., Sharrack, B., Stolt, P., Wraith, D. C,, et al. (2018).
Effects of ATX-MS-1467 immunotherapy over 16 weeks in relapsing multiple sclerosis.
Neurology 90, €955-€962. doi:10.1212/wnl.0000000000005118

Crocker, P. R, Paulson, J. C., and Varki, A. (2007). Siglecs and their roles in the
immune system. Nat. Rev. Immunol. 7, 255-266. doi:10.1038/nri2056

Dam, T. K., and Brewer, C. F. (2010). Multivalent lectin—carbohydrate interactions:
energetics and mechanisms of binding. Adv. Carbohydr. Chem. Biochem. 63, 139-164.
doi:10.1016/S0065-2318(10)63005-3

Delputte, P. L., Van Gorp, H., Favoreel, H. W., Hoebeke, L., Delrue, L., Dewerchin, H.,
etal. (2011). Porcine sialoadhesin (CD169/Siglec-1) is an endocytic receptor that allows
targeted delivery of toxins and antigens to macrophages. PLoS One 6, €16827. doi:10.
1371/journal.pone.0016827

Diego, V. P,, Luu, B. W, Hofmann, M., Dinh, L. V., Almeida, M., Powell, J. S., et al.
(2020). Quantitative HLA-class-II/factor VIII (FVIII) peptidomic variation in dendritic
cells correlates with the immunogenic potential of therapeutic FVIII proteins in
hemophilia A. J. Thrombosis Haemostasis 18, 201-216. doi:10.1111/jth.14647

Gonzalez-Gil, A., and Schnaar, R. L. (2021). Siglec ligands. Cells 10, 1260. doi:10.3390/
cells10051260

Griciuc, A., Serrano-Pozo, A., Parrado, ANTONIO R., Lesinski, ANDREA N.,
Asselin, CAROLINE N., Mullin, K., et al. (2013). Alzheimer’s disease risk gene
CD33 inhibits microglial uptake of amyloid beta. Neuron 78, 631-643. doi:10.1016/j.
neuron.2013.04.014

Hesse, L., Feenstra, R., Ambrosini, M., De Jager, W. A, Petersen, A., Vietor, H,, et al.
(2019). Subcutaneous immunotherapy using modified Phl p5a-derived peptides efficiently
alleviates allergic asthma in mice. Allergy 74, 2495-2498. doi:10.1111/all.13918

Hiatt, J., Cavero, D. A., Mcgregor, M. J., Zheng, W., Budzik, J. M., Roth, T. L, et al.
(2021). Efficient generation of isogenic primary human myeloid cells using CRISPR-
Cas9 ribonucleoproteins. Cell Rep. 35, 109105. doi:10.1016/j.celrep.2021.109105

Jacquemin, M., Vantomme, V., Buhot, C., Lavend’Homme, R., Burny, W., Demotte,
N., et al. (2003). CD4+ T-cell clones specific for wild-type factor VIII: a molecular
mechanism responsible for a higher incidence of inhibitor formation in mild/moderate
hemophilia A. Blood 101, 1351-1358. doi:10.1182/blood-2002-05-1369

Jumper, J., Evans, R,, Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al.
(2021). Highly accurate protein structure prediction with AlphaFold. Nature 596,
583-589. doi:10.1038/541586-021-03819-2

Karim, A. F,, Soltis, A. R, Sukumar, G., Kénigs, C., Ewing, N. P., Dalgard, C. L., et al.
(2020). Hemophilia A inhibitor subjects show unique pbmc gene expression profiles
that include up-regulated innate immune modulators. Front. Immunol. 11, 1219. doi:10.
3389/fimmu.2020.01219

Keumatio Doungtsop, B. C., Nardini, E., Kalay, H., Versteeg, S. A., Liibbers, J., Van
Barneveld, G., et al. (2024). Sialic acid-modified der p 2 allergen exerts
immunomodulatory effects on human PBMCs. J. Allergy Clin. Immunol. Glob. 3,
100193. doi:10.1016/j.jacig.2023.100193

Lamiable, A., Thévenet, P., Rey, J., Vavrusa, M., Derreumaux, P., and Tufféry, P.
(2016). PEP-FOLD3: faster de novo structure prediction for linear peptides
in solution and in complex. Nucleic Acids Res. 44, W449-W454. doi:10.1093/nar/
gkw329

Liibbers, J., Eveline Li, R. J., Gorki, F. S., Bruijns, S. C. M., Gallagher, A., Kalay, H.,
etal. (2021). a2-3 Sialic acid binding and uptake by human monocyte-derived dendritic
cells alters metabolism and cytokine release and initiates tolerizing T cell programming.
Immunother. Adv. 1, 1tab012. doi:10.1093/immadv/ltab012

Frontiers in Bioengineering and Biotechnology

11

10.3389/fbioe.2025.1558627

Liibbers, J., Rodriguez, E., and Van Kooyk, Y. (2018). Modulation of immune
tolerance via siglec-sialic acid interactions. Front. Immunol. 9, 2807. doi:10.3389/
fimmu.2018.02807

Macauley, M. S., Pfrengle, F., Rademacher, C,, Nycholat, C. M., Gale, A. J., VON
Drygalski, A., et al. (2013). Antigenic liposomes displaying CD22 ligands induce antigen-
specific B cell apoptosis. J. Clin. Investigation 123, 3074-3083. doi:10.1172/jci69187

Mannucci, P. M., and Franchini, M. (2014). Haematology clinic: haemophilia A.
Hematology 19, 181-182. doi:10.1179/10245332142.000000000262

Morris, G. M., Huey, R, Lindstrom, W., Sanner, M. F,, Belew, R. K., Goodsell, D. S.,
et al. (2009). AutoDock4 and AutoDockTools4: automated docking with selective
receptor flexibility. J. Comput. Chem. 30, 2785-2791. doi:10.1002/jcc.21256

Narimatsu, Y., Joshi, H. J., Nason, R., Van Coillie, J., Karlsson, R., Sun, L., et al. (2019).
An atlas of human glycosylation pathways enables display of the human glycome by
gene engineered cells. Mol. Cell 75, 394-407.e5. doi:10.1016/j.molcel.2019.05.017

Oliveira, V. G., Agua-Doce, A., Curotto De Lafaille, M. A,, Lafaille, J. J., and Graca, L.
(2013). Adjuvant facilitates tolerance induction to factor VIII in hemophilic mice
through a Foxp3-independent mechanism that relies on IL-10. Blood 121, 3936-3945.
doi:10.1182/blood-2012-09-457135

Oomen, I, Camelo, R. M., Rezende, S. M., Voorberg, J., Mancuso, M. E., Oldenburg,
J., et al. (2023). Determinants of successful immune tolerance induction in hemophilia
A: systematic review and meta-analysis. Res. Pract. Thromb. Haemost. 7, 100020. doi:10.
1016/j.rpth.2022.100020

O’Reilly, M. K,, Tian, H., and Paulson, J. C. (2011). CD22 is a recycling receptor that
can shuttle cargo between the cell surface and endosomal compartments of B cells.
J. Immunol. 186, 1554-1563. doi:10.4049/jimmunol.1003005

Panina-Bordignon, P., Tan, A., Termijtelen, A., Demotz, S., Corradin, G., and
Lanzavecchia, A. (1989). Universally immunogenic T cell epitopes: promiscuous
binding to human MHC class II and promiscuous recognition by T cells. Eur.
J. Immunol. 19, 2237-2242. doi:10.1002/¢ji.1830191209

Pearce, S. H. S, Dayan, C., Wraith, D. C,, Barrell, K., Olive, N, Jansson, L., et al.
(2019). Antigen-specific immunotherapy with thyrotropin receptor peptides in Graves’
hyperthyroidism: a phase I study. Thyroid 29, 1003-1011. doi:10.1089/thy.2019.0036

Pletinckx, K., Nicolson, K. S., Streeter, H. B., Sanderson, W. J., Schurgers, E., Jansson,
L., et al. (2022). Antigen-specific immunotherapy with apitopes suppresses generation
of FVIII inhibitor antibodies in HLA-transgenic mice. Blood Adv. 6, 2069-2080. doi:10.
1182/bloodadvances.2021004451

Reynisson, B., Barra, C., Kaabinejadian, S., Hildebrand, W. H., Peters, B., and Nielsen,
M. (2020). Improved prediction of MHC II antigen presentation through integration
and motif deconvolution of mass spectrometry MHC eluted ligand data. J. Proteome
Res. 19, 2304-2315. doi:10.1021/acs.jproteome.9b00874

Rodrigues, E., Jung, J., Park, H., Loo, C., Soukhtehzari, S., Kitova, E. N,, et al. (2020). A
versatile soluble siglec scaffold for sensitive and quantitative detection of glycan ligands.
Nat. Commun. 11, 5091. doi:10.1038/s41467-020-18907-6

Rodriguez, E., Boelaars, K., Brown, K., Eveline Li, R. J., Kruijssen, L., Bruijns, S. C. M.,
et al. (2021). Sialic acids in pancreatic cancer cells drive tumour-associated macrophage
differentiation via the Siglec receptors Siglec-7 and Siglec-9. Nat. Commun. 12, 1270.
doi:10.1038/s41467-021-21550-4

Spence, S., Greene, M. K., Fay, F., Hams, E., Saunders, S. P., Hamid, U, et al. (2015).
Targeting Siglecs with a sialic acid—decorated nanoparticle abrogates inflammation. Sci.
Transl. Med. 7, 303ra140. 303ra140-303ra140. doi:10.1126/scitranslmed.aab3459

Steinitz, K. N., Van Helden, P. M., Binder, B., Wraith, D. C., Unterthurner, S.,
Hermann, C,, et al. (2012). CD4+ T-cell epitopes associated with antibody responses
after intravenously and subcutaneously applied human FVIII in humanized hemophilic
E17 HLA-DRB1*1501 mice. Blood 119, 4073-4082. doi:10.1182/blood-2011-08-374645

Van Haren, S. D., Herczenik, E., Ten Brinke, A., Mertens, K., Voorberg, J., and Meijer,
A. B. (2011). HLA-DR-presented peptide repertoires derived from human monocyte-
derived dendritic cells pulsed with blood coagulation factor VIIL. Mol. and Cell.
Proteomics 10. doi:10.1074/mcp.m110.002246

Van Rampelbergh, J., Achenbach, P., Leslie, R. D., Ali, M. A, Dayan, C., Keymeulen,
B., et al. (2023). First-in-human, double-blind, randomized phase 1b study of peptide
immunotherapy IMCY-0098 in new-onset type 1 diabetes. BMC Med. 21, 190. doi:10.
1186/512916-023-02900-z

Varki, A., Cummings, R., Esko, J., Freeze, H., Hart, G., and Marth, J. (1999). Sialic
acids. New York, NY: Cold Spring Harbor Laboratory Press.

Varthaman, A., and Lacroix-Desmazes, S. (2019). Pathogenic immune response to
therapeutic factor VIII: exacerbated response or failed induction of tolerance?
Haematologica 104, 236-244. doi:10.3324/haematol.2018.206383

Wang, X., Wong, K., Ouyang, W., and Rutz, S. (2019). Targeting IL-10 family
cytokines for the treatment of human diseases. Cold Spring Harb. Perspect. Biol. 11,
2028548. doi:10.1101/cshperspect.a028548

Zhang, J. Q., Nicoll, G., Jones, C., and Crocker, P. R. (2000). Siglec-9, a novel sialic acid
binding member of the immunoglobulin superfamily expressed broadly on human
blood leukocytes. J. Biol. Chem. 275, 22121-22126. doi:10.1074/jbc.m002788200

frontiersin.org


https://doi.org/10.1016/s1074-7613(94)80017-0
https://doi.org/10.1016/s1074-7613(94)80017-0
https://doi.org/10.1128/iai.00009-11
https://doi.org/10.1073/pnas.0407902101
https://doi.org/10.1038/s41467-018-03245-5
https://doi.org/10.1186/1471-2105-7-153
https://doi.org/10.1212/wnl.0000000000005118
https://doi.org/10.1038/nri2056
https://doi.org/10.1016/S0065-2318(10)63005-3
https://doi.org/10.1371/journal.pone.0016827
https://doi.org/10.1371/journal.pone.0016827
https://doi.org/10.1111/jth.14647
https://doi.org/10.3390/cells10051260
https://doi.org/10.3390/cells10051260
https://doi.org/10.1016/j.neuron.2013.04.014
https://doi.org/10.1016/j.neuron.2013.04.014
https://doi.org/10.1111/all.13918
https://doi.org/10.1016/j.celrep.2021.109105
https://doi.org/10.1182/blood-2002-05-1369
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.3389/fimmu.2020.01219
https://doi.org/10.3389/fimmu.2020.01219
https://doi.org/10.1016/j.jacig.2023.100193
https://doi.org/10.1093/nar/gkw329
https://doi.org/10.1093/nar/gkw329
https://doi.org/10.1093/immadv/ltab012
https://doi.org/10.3389/fimmu.2018.02807
https://doi.org/10.3389/fimmu.2018.02807
https://doi.org/10.1172/jci69187
https://doi.org/10.1179/1024533214z.000000000262
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1016/j.molcel.2019.05.017
https://doi.org/10.1182/blood-2012-09-457135
https://doi.org/10.1016/j.rpth.2022.100020
https://doi.org/10.1016/j.rpth.2022.100020
https://doi.org/10.4049/jimmunol.1003005
https://doi.org/10.1002/eji.1830191209
https://doi.org/10.1089/thy.2019.0036
https://doi.org/10.1182/bloodadvances.2021004451
https://doi.org/10.1182/bloodadvances.2021004451
https://doi.org/10.1021/acs.jproteome.9b00874
https://doi.org/10.1038/s41467-020-18907-6
https://doi.org/10.1038/s41467-021-21550-4
https://doi.org/10.1126/scitranslmed.aab3459
https://doi.org/10.1182/blood-2011-08-374645
https://doi.org/10.1074/mcp.m110.002246
https://doi.org/10.1186/s12916-023-02900-z
https://doi.org/10.1186/s12916-023-02900-z
https://doi.org/10.3324/haematol.2018.206383
https://doi.org/10.1101/cshperspect.a028548
https://doi.org/10.1074/jbc.m002788200
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1558627

	Rational design of FVIII sialylated peptides to target Siglec-3 and Siglec-9 and improve peptide formulations for reverse v ...
	1 Introduction
	2 Methods
	2.1 Peptide synthesis and conjugation to the sialylated glycan and to TAMRA
	2.2 In silico analyses
	2.2.1 Ligand preparation for computational analysis
	2.2.2 Docking calculations
	2.2.3 MD simulations

	2.3 Validation of sialylation and binding to Siglecs
	2.4 Binding/uptake experiments of TAMRA-(sia)FVIII2155-2180
	2.5 Phosphorylation analysis
	2.6 Generation of the knock-outs
	2.7 Cytokines secretion from moDCs and surface marker expression
	2.8 Statistics

	3 Results
	3.1 Selection of the peptide sequence
	3.2 Selection of Siglec-9 ligand and conjugation to FVIII2155-2180
	3.3 siaFVIII2155-2180 efficiently binds to Siglec-3 and Siglec-9 and it is bound/internalized by moDCs
	3.4 siaFVIII2155-2180 activates Siglec-9 on monocytes and promotes IL-10 secretion from dendritic cells via Siglec-3 and Si ...

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


