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Hemophilia A (HA) is a genetic disorder originating from a deficiency of coagulation 
factor VIII (FVIII). Up to 30% of severe HA patients develop neutralizing antibodies 
(inhibitors), which pose a serious threat to the success of replacement FVIII 
therapies. Immunologically, the development of inhibitors is a CD4-driven 
complication where T helper cells are key actors in inducing FVIII-specific memory B 
cells and plasma cells which secrete high levels of pathogenic IgGs1. Promising 
studies in HA preclinical models aiming at transiently depleting T cells showed an 
expansion of Tregs

2, which are the counter-actors involved in maintaining tolerance 
towards FVIII in healthy individuals and likely restoring/promoting it in HA patients. A 
vast landscape of other tolerogenic solutions has been proposed, however, the 
immune response to FVIII in HA patients remains complex, warranting further studies 
to develop new tolerance-inducing strategies. A largely unexplored layer of 
complexity in the regulation of the immune response is glycosylation, the post-
translational modification that adds glycans to proteins, lipids and RNAs to modify 
their function or signaling. In mammals, glycans are often capped by one specific 
monosaccharide, sialic acid. Sialylated glycans are recognized by immune cells via 
Siglecs, a family mainly comprising immune-inhibitory receptors. Engagement of 
Siglec-9 has already been explored as a treatment for allergies, showing induction of 
Tregs in vitro and in vivo via modulation of dendritic cell (DC) function3, 4. However, the 
way sialylation would modify the immune response to FVIII remains unclear as yet. In 
this study, we employed sialylated FVIII-derived (siaFVIII) peptides to investigate 
whether we could skew the anti-FVIII immune response towards tolerance. We 
demonstrate here with in vitro and in vivo experiments that siaFVIII-peptides can 
redirect CD4+ T cell responses by reducing activation, pro-inflammatory cytokine 
secretion and promoting Treg expansion.  
 
FVIII has 4 glycosylation sites outside of the B domain, 3 of which are reported to be 
mostly sialylated5. Previous studies have linked a loss of sialic acids to increased 
inhibitor development6, 7, suggesting a role for sialylation in regulating the immune 
response to FVIII. To examine how sialylation affects the immune response to FVIII, 
we chemically conjugated the C-terminal of various immunodominant peptides 
derived from FVIII to a sialylated glycan (siaFVIII-peptides, Figure 1A, Table 1). To 
meet experimental needs, different peptides were used throughout the study. Given 
that we both investigated human and mouse responses, we first used a 26 amino 
acid (FVIII1) peptide spanning a mouse and a human epitope. In vivo, a longer 
version, (FVIII1.1) of this peptide was employed, to account for correct antigen 
processing of the mouse epitope. The selection of this peptide sequence was guided 
by literature and by our previous study8, where we investigated in silico the 
promiscuity of binding to the most common HLA-DRB haplotypes and predicted > 
75% worldwide population coverage. Moreover, to investigate the FVIII specific 
responses in vitro, a sequence specific for a CD4+ T cell clone was synthesized 
(FVIII2). All the sequences are within the C1 domain and the sialylated ones bind to 
Siglec-9 and its mouse homologue Siglec-E (Figure S1A, B). 

 

We first investigated the ability of monocyte-derived DCs (moDCs) loaded with 
siaFVIII1 (sia-loaded moDCs) to instruct  T cell responses (Figure 1B). Allogeneic co-
cultures of CD4⁺ T cells with moDCs loaded with siaFVIII1 showed reduced 
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proliferation within the activated CD25+ subset compared to controls (Figure 1C), 
and this effect was partially dependent on Siglec-9, as suggested by knockout 
experiments (Figure S1C, D). This indicates that sia-loaded moDCs are less capable 
of initiating responses to non-FVIII allogeneic antigens, pointing to a broad, antigen-
independent immunosuppressive effect mediated by siaFVIII1. Next, to investigate 
FVIII specificity, we employed a CD4+ T cell clone isolated from a HA patient (Figure 
1D)9. Since this clone is specific for the epitope spanning amino acids 2113-2132, we 
used a longer peptide (FVIII2, Table 1) that includes this region to ensure proper 
antigen processing. HLA-DRB1*01:01 / DRB1*15:01 healthy donors were selected 
as source of moDCs, to match the genetic background of the T cell clone. 
Interestingly, we measured higher IFN-γ concentrations in the supernatants from the 
T cell clone co-cultured with sia-loaded moDCs than control moDCs (Figure 1E). 
While IFN-γ secretion from CD4+ T cells often signals a pathogenic Th1 response, in 
the context of a T cell clone it mainly reflects antigen presentation through MHC-II. 
Our results indicate that sialylation does not hinder, but rather enhances, MHC-II 
loading. By making use of a biotinylated version of FVIII2 and siaFVIII2, we 
measured binding / uptake in moDCs, showing that at 4°C siaFVIII2 binds better than 
FVIII2, partially dependently on Siglec-9 (Figure S1E). When the cells are put at 37°C 
and endocytosis is activated, siaFVIII2 and FVIII2 are equally taken up by moDCs 
(Figure S1F). Moreover, in the native FVIII protein, residue N2137 carries a 
mannosylated glycan, whose removal has been shown to reduce uptake by 
moDCs10, but synthetic peptides FVIII2 and siaFVIII2 lack this glycan. For these 
reasons, we postulate that the observed differences in antigen presentation are due 
to a receptor-mediated effect of sialylation on antigen processing, rather than altered 
peptide uptake by moDCs. We further observed that the T cell clone co-cultured with 
sia-loaded-moDCs expressed lower levels of CD69 and PD-1 than the control (Figure 
1F, S1G,H). At such an early stimulation time point, this is indicative of reduced 
activation. Other cell surface markers were unaffected (Figure S1I, J). Our results 
suggest that moDCs process and present siaFVIII2 more efficiently than the 
unsialylated peptide to HA CD4+ T cell clones, while inducing a qualitatively different 
activation profile. 

Then, we studied the immune response induced by siaFVIII-peptides in the 
preclinical model of HA (Figure 2A). The mice were treated with siaFVIII1.1 or the 
unsialylated peptide for 2 weeks prior of FVIII reconstitution, following a previously 
published dose-escalation protocol11, which is also an established method for 
immunotherapy in allergies. The development of anti-FVIII IgG was not affected by 
prophylactic treatment with siaFVIII1.1, but was increased in the unsialylated 
FVIII1.1-treated group, along with the inhibitor titers (Figure 2B). Accordingly, FVIII-
specific splenic B cell populations were not altered upon pretreatment with 
siaFVIII1.1 (Figure S2A, B). Since FVIII1.1 is largely exposed on the surface of the 
C1 domain (Figure 2C), we measured anti-C1-peptide IgG, which correlated in our 
cohort with the inhibitor titers (Figure S2C). IgG towards FVII1.1 and siaFVIII1.1 
could be equally detected in both groups, but not in the PBS treated mice (Figure 
2D), suggesting that the antibody response is directed against the peptide sequence, 
irrespective of the presence of the sialylated moiety. These results indicate that pre-
treatment with a single FVIII epitope selectively primed the immune response to that 
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sequence. Therefore, the PBS group was excluded from further analysis. Based on 
our in vitro results, we expected the T cell compartment to be modulated by siaFVIII 
pre-treatment. Remarkably, the analysis of the splenic T cell populations revealed 
higher percentages of Tregs in the siaFVIII1.1-treated mice than in the unsialylated 
FVIII1.1-treated group (Figure 2E). Previous research already showed Tregs induction 
with a model sialylated antigen12. Here, we show that a single sialylated FVIII 
immunodominant peptide can similarly modulate the immune response in the context 
of HA, maintaining the Tregs compartment. Tregs and conventional T cells (Tconvs) 
displayed distinct memory/effector phenotypes (Figure S2D), consistent with previous 
reports showing that naïve cells are more abundant among Tconvs, while Tregs are 
enriched in central memory and effector subsets13. In our study, Tregs phenotypes did 
not differ between the groups, whereas the siaFVIII1.1-treated group showed 
reduced frequencies of naïve and central memory Tconvs and increased effector cells 
(Figure S2E, F). We further tested ex vivo for the presence of peptide-specific T cells 
secreting IFN-γ and TNF-α. Strikingly, the frequency of these cells in the siaFVIII1.1 
group was reduced by half as compared to the unsialylated FVIII1.1-treated mice 
(Figure 2F). Previous research has shown that splenocytes from successfully 
tolerated mice restimulated with FVIII fail to secrete IFN-γ14. Our findings in vivo 
imply that even though no differences in the humoral response were observed, the 
immune profile in the siaFVIII1.1 pre-treated mice may reflect a state of tolerance, 
characterized by suppression of T cells secreting IFN-γ and TNF-α, while maintaining 
the Tregs compartment. Concluding, this study demonstrates that sialylation of 
immunodominant peptides promotes a reduced-proinflammatory response to FVIII in 
vitro and modulates the CD4⁺ T cell response in vivo by restraining Teff cells 
differentiation while preserving the Tregs compartment. The shift in T cell fate towards 
Tregs, together with previous studies assessing later time points in FVIII-tolerance6, 10, 

11, suggest that a decline in inhibitor levels might occur over a longer follow-up 
period. Overall, these results suggest a novel approach to fine tune the immune 
system towards FVIII tolerance, laying the groundwork for future studies aimed at 
translating these immunological changes into clinical benefits. 

 

Ethics statement 
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Tables 

ID SEQUENCE USE 

FVIII1 K2155HNIFNPPIIARYIRLHPTHYSIRST2180 In vitro moDC-T cell 
co cultures. In red is 
the mouse epitope,  
the human epitope is 
underlined.  

FVIII2 A2108RQKFSSLYISQFIIMYSLDGKKWQTYRGNSTG2140 In vitro stimulation of 
the T cell clone. In 
red the epitope 
recognized by the T 
cells.  

FVIII1.1 S2152GIKHNIFNPPIIARYIRLHPTHYSIRSTLRM2183 In vivo prophylactic 
treatment of HA 
mice. In red is the 
mouse epitope, 
underlined the 
human epitope.  

FVIII1.3 K2155HNIFNPPIIARYIR2169 Ex vivo restimulation 
of the splenocytes.  

Table 1. List of peptides used in the study. The full-length numbering for FVIII residues is 
used. 
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Figure legends 

Figure 1. moDCs loaded with siaFVIII-peptides dampen CD4+ T cell responses, 
both allogenic and HA-specific. A. Schematic representation of the chemical 
structure of the tetrasaccharide and the linker coupled to the FVIII-derived peptides, 
obtained with ChemDraw. The tetrasaccharide is also shown following SNFG color-
code. B. Schematic of the experimental workflow: moDCs obtained from CD14+ 
isolated monocytes from healthy donors were stimulated with FVIII1 or siaFVIII1 and 
matured overnight with 10 ng/mL of LPS. At day 7, co-cultures of moDCs : allogenic 
naïve CD4+ T cells (ratio 1 : 5) were established and kept in culture for 5 days to 
study T cell activation and proliferation. C. left, Representative dot plots showing the 
final gate of the gating strategy to select CD4+CD25+CTV- (proliferated) T cells. (not 
shown time, singlets, alive, CD4+); right, Quantification of proliferated T cells 
stimulated by FVIII1 (orange dots) or siaFVIII1 (blue dots)- loaded moDCs, shown as 
percentage of CD4+ alive. Each dot represents one moDC donor. N = 8. D. 
Schematic of the experimental workflow: moDCs obtained from CD14+ isolated 
monocytes from HLA-DRB1*01:01/DRB1*15:01 genotyped donors were stimulated 
with 0.5 µM FVIII2 or siaFVIII2 for 3h in the presence of 10 ng/mL of LPS. Then, 
moDC : T cells (ratio 1 : 5) co-cultures with an HLA-matched CD4+ T cell clone 
isolated from an HA patient were established. The day after, the supernatants were 
collected to measure secreted IFN-γ by ELISA and the cells were stained for flow 
cytometry analysis. E. Concentration of IFN-γ in the supernatants of the T cell clone 
co-cultured with moDCs pulsed with 0.5 µM of FVIII2 (orange dots) or siaFVIII2 (blue 
dots). Each dot represents the mean of 3 technical duplicates of one donor, N = 5. F. 
Percentages of CD69+ (left) and PD1+ (right) T cells from the T cell clone stimulated 
by FVIII2 (orange dots) or siaFVIII2 (blue dots)- loaded moDCs, measured by flow 
cytometry. N = 5 moDCs donors. Statistics: the data distribution was tested for 
normality by Kolmogorov-Smirnov test and parametric, paired t tests were computed 
accordingly. * = p < 0.05, *** = p < 0.001. 

Figure 2. Prophylactic treatment with siaFVIII-peptides significantly expands 
Tregs and suppresses the activation of peptide-specific T cells. A. Schematic of 
the immunization protocol. Groups of 7 or 9 FVIII-KO mice were treated 3 times per 
week for 2 weeks with s.c. injections in the neck of FVIII1.1 or siaFVIII1.1, or PBS 
according to a dose-escalation regimen (0.3 – 3 – 30 – 300 – 300 – 300 µM of each 
peptide). After the peptide pretreatment, mice were immunized once per week for 5 
weeks, via i.v. injections with 1 IU of full-length human FVIII. Subcutaneous treatment 
with FVIII1.1 or siaFVIII1.1, or PBS was continued s.c. once per week 3 days after 
every FVIII intravenous injection, following a dose stabilization regimen (300 µM of 
each peptide). Blood samples were collected when indicated (red droplet). B. 
Titrations of anti-FVIII IgGs (left) and neutralizing anti-FVIII IgGs (right) in the sera 
samples collected at day 31 from mice pre-treated with PBS, FVIII1.1 or siaFVIII1.1, 
measured by ELISA and Bethesda Assay, respectively. Data are plotted as mean ± 
standard deviation (SD). Each dot represents 1 mouse. Statistics: Kruskal-Wallis test 
with Dunn’s post hoc correction for multiple comparisons. ns = non-significant, * = p < 
0.05. C. Three‐dimensional structure of FVIII, the domains are indicated by a dotted 
line and FVIII1.1 is shown in blue in stick representation and dotted surface. The right 
panel shows a close‐up view of the C1 domain with FVIII1.1. The model was 
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obtained with Chimera X software based on PDB file of FVIII 3CDZ. D. Quantification 
of anti- FVIII1.1 (left) and anti- siaFVIII1.1 (right) IgG in the sera samples collected at 
day 31 from mice pre-treated with PBS, FVIII1.1 or siaFVIII1.1. Maxi Sorp NUNC 
ELISA plates were coated with 2 μM of FVIII1.1 (left) or siaFVIII1.1 (right) and 
incubated with serial dilutions of the sera. Anti-peptide IgG were detected with an 
anti-mouse-IgG-HRP and TMB substrate. The O.D. was plotted against the sera 
titration and the area under the curve (A.U.C.) was calculated. Data are plotted as 
mean ± SD. Each dot represents 1 mouse. Statistics: Kruskal-Wallis test with Dunn’s 
post hoc correction for multiple comparisons. ns = non-significant, ** = p < 0.01, *** = 
p < 0.001. E. Quantification of the percentages of FoxP3+ and FoxP3+/CD25+ Tregs 
in the spleens. The dotted line represents the average of the PBS control mice. F. 
Schematic of the workflow for the ex vivo restimulation of the splenocytes and 
quantification of the percentages of IFN-γ (left) and TNF-α (right) positive CD4+ T 
cells obtained from single cell suspensions of the spleens of mice pre-treated with 
FVIII1.1 or siaFVIII1.1. The cultures were restimulated ex vivo with the short peptide 
FVIII3, representing the CD4-restricted epitope included into the peptide FVIII1.1 
used to immunize the mice. Cytokines are measured intracellularly by flow-cytometry. 
The dotted line represents the average of the PBS control mice. Data are plotted as 
mean ± SD. Each dot represents 1 mouse. Statistics: the data distribution was tested 
for normality by Kolmogorov-Smirnov test and parametric or not-parametric unpaired 
t tests were computed accordingly. ns = non-significant, * = p < 0.05, ** = p < 0.01, 
*** = p < 0.001. 
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Supplementary Figure 2. Prophylactic treatment with siaFVIII1.1 does not prevent the insurgence of FVIII-specific B cells. A. 
Representative dot plots of the gating strategy used to identify FVIII double positive B cells by flow cytometry in the spleens of mice pre-treated 
with FVIII1.1 or siaFVIII1.1 or PBS. B. Percentages of CD38++ , CD38+ and CD38- B cells in the spleens of mice pre-treated with FVIII1.1 or 
siaFVIII1.1, analyzed by flow cytometry. The mean of PBS group mice is indicated as a dotted line in each graph. C. Correlation between 
anti-FVIII IgG and inhibitors in sera collected at day 31 from animals treated with PBS (grey dots), FVIII1.1 (orange dots) or siaFVIII1.1 (blue 
dots). Statistics: Spearman correlation (r); 95% confidence intervals (C.I.) are also shown. D. Stacked plots showing the distribution of naïve, 
central, effector and double negative T cells in the T conventional (convs, left) and T reg (right) subsets measured by flow cytometry based on 
CD44/CD62L expression. E. Gating strategy to identify different conventional T cell subsets by flow cytometry in the spleens of mice 
pre-treated with FVIII1 or siaFVIII1.1 or PBS. F. Quantification of the percentages of naïve, central memory (Cm) and effector T conventional 
(T convs) cells in the spleens of mice pre-treated with FVIII1.1 or siaFVIII1.1 or PBS analyzed by flow cytometry. The dotted line represents 
the means of mice pre-treated with PBS. Data are plotted as mean ± standard deviation (SD). Each dot represents 1 mouse. Statistics: the 
data distribution was tested for normality by Kolmogorov-Smirnov test and parametric or not-parametric paired t tests were computed 
accordingly. ns = not significant, * = p < 0.05.               
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