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Modulating the
microenvironment during FVIII
uptake influences the nature of
FVIlI-peptides presented by
antigen-presenting cells

Christian Lubich™*, Katharina Nora Steinitz", Brigitte Hoelbl",
Thomas Prenninger?, Pauline Maria van Helden?,
Markus Weiller* and Birgit Maria Reipert™?

'R&D, Baxalta Innovations GmbH, a member of the Takeda group of companies, Vienna, Austria,
2Institute Krems Bioanalytics, University of Applied Sciences Krems, Krems, Austria

Background and aims: Hemophilia A is a severe bleeding disorder caused by
the deficiency of functionally active coagulation factor VIII (FVIII). The induction
of neutralizing anti-drug antibodies is a major complication in the treatment of
hemophilia A patients with FVIII replacement therapies. Why some patients
develop neutralizing antibodies (FVIII inhibitors) while others do not is not well
understood. Previous studies indicated that the induction of FVIII inhibitors
requires cognate interactions between FVIII-specific B cells and FVIlI-specific
CD4+ T cells in germinal center reactions. In this study, we investigated the
FVIII peptide repertoire presented by antigen-presenting cells (APCs) under
different microenvironment conditions that are expected to alter the uptake of
FVIII by APCs. The aim of this study was to better understand the association
between different microenvironment conditions during FVIII uptake and the
FVIII peptide patterns presented by APCs.

Methods: We used a FVIII-specific CD4+ T cell hybridoma library derived from
humanized HLA-DRB1*1501 (human MHC class Il) hemophilic mice that were
treated with human FVIII. APCs obtained from the same mouse strain were
preincubated with FVIII under different conditions which are expected to alter
the uptake of FVIII by APCs. Subsequently, these preincubated APCs were used
to stimulate the FVIlI-specific CD4+ T cell hybridoma library. Stimulation of
peptide-specific CD4+ T-cell hybridoma clones was assessed by analyzing the
IL-2 release into cell culture supernatants.

Results: The results of this study indicate that the specific microenvironment
conditions during FVIII uptake by APCs determine the peptide specificities of
subsequently activated FVIlI-specific CD4+ T cell hybridoma clones.
Incubation of APCs with FVIII complexed with von Willebrand Factor, FVIII
activated by thrombin or FVIII combined with a blockade of receptors on APCs
previously associated with FVIII uptake and clearance, resulted in distinct
peptide repertoires of subsequently activated hybridoma clones.
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Conclusion: Based on our data we conclude that the specific
microenvironment during FVIII uptake by APCs determines the FVIII peptide
repertoire presented on MHC class Il expressed by APCs and the peptide
specificity of subsequently activated FVIlI-specific CD4+ T cell hybridoma

FVIII presentation by antigen-presenting cells, FVIII-specific CD4+ T-cell hybridoma
library, HLA-DRB1*1501 humanized hemophilic mice, Hemophilia A, neutralizing anti-
drug antibodies, FVIII inhibitors, microenvironment during FVIII uptake by antigen-
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Introduction

Hemophilia A is a congenital bleeding disorder
characterized by the lack or insufficient amount of functional
factor VIII (FVIII) in the circulation which results in prolonged
bleeding episodes due to ineffective blood coagulation upon
injury (1). Most patients with severe hemophilia A receive
FVIII replacement therapies (2). About 30% of these patients
develop neutralizing anti-drug antibodies against FVIII (3), so
called FVIII inhibitors, which remains the major challenge in
FVIII replacement therapies (4). Although research has greatly
contributed to our understanding of the risk factors for the
formation of FVIII inhibitors (5), the reason why some patients
develop inhibitors and others do not is not well understood.
Several studies in hemophilia A patients and in murine models
of hemophilia A suggested that FVIII-specific CD4+ T cells are
crucial for the induction of neutralizing antibody responses
against FVIIT (6-9). CD4+ T cells express T-cell receptors that
recognize antigen-derived peptides (CD4+ T cell epitopes)
presented by MHC class II molecules which are expressed on
specialized antigen-presenting cells (APCs) (10). Three major
mechanisms contribute to the uptake of proteins such as FVIII
by APCs, namely non-selective macropinocytosis, receptor-
mediated endocytosis and phagocytosis (11). After their
uptake, proteins are sorted into different compartments of the
endosomal pathway, where they are processed into peptides and
subsequently loaded onto MHC class II molecules. Peptide/
MHC class II complexes are redistributed to the limiting
membrane of the vesicle and moved into tubulovesicular
structures that fuse directly with the plasma membrane (12).
This process facilitates the presentation of peptide-MHC class II
complexes on the surface of APCs. CD4+ T cells bind to these
complexes via their specific T cell receptor (TCR), recognizing
specific peptides presented by MHC class II, and by the CD4
receptor on T cells (11).
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The diversity of the peptide repertoire presented by APCs
depends both on the enzymes encountered by protein antigens
during processing in endosomal compartments and on the
receptivity of the MHC class II molecules (13). Both these
parameters depend on the type of endosomal compartment(s)
to which the protein antigens are sorted for processing and
loading onto MHC class II molecules.

Several authors described a modulation of anti-FVIII
immune responses as a result of preventing FVIII endocytosis
by APCs. Dasgupta and colleagues presented data indicating that
von Willebrand Factor (VWF), the plasma chaperon of FVIII,
prevents FVIII uptake by human monocyte-derived dendritic
cells which resulted in a reduced activation of a FVIII-specific
CD4+ T cell clone in vitro (14). In addition, the authors
demonstrated that the inhibition of FVIII uptake by APCs
depends on the actual binding of FVIII to VWF. A mutated
VWE protein which lacks the binding site for FVIII did not
influence the endocytosis of FVIII (14). More recently, Sorvillo
and co-workers showed that VWF, complexed with FVIII, binds
to human dendritic cells which results in the modulation of
FVIII-derived peptide patterns presented on MHC-class II at the
surface of these cells (15). These data suggest that VWF does not
completely block FVIII uptake by APCs but rather modulates
FVIII processing and presentation. In another study, the same
authors indicated that blocking specific residues in the Cl
domain of FVIII, that are involved in the interaction of FVIII
with phospholipid membrane surfaces, not only inhibits FVIII
endocytosis in vitro but also reduces the immune response to
FVIII in hemophilic mouse models in vivo (16). These data
suggest a critical role of the C1 domain in the endocytosis of
FVIII by APCs and the subsequent processing and presentation
of FVIII peptides on MHC class II.

Depending on the route of endocytosis, FVIII can potentially
be directed to different endosomal compartments, where
multiple factors such as protein unfolding and proteolysis
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contribute to the process of epitope selection by MHC class II
molecules (17, 18). Therefore, it is important to understand
which FVIII peptides are presented by MHC class IT complexes
on APCs under conditions of FVIII replacement therapies. In
the circulation, endogenous FVIII binds to several proteins
during the three major stages of its life cycle: transport of
FVIII from the site of secretion to the bleeding site,
participation of FVIII in the coagulation cascade, and
clearance of FVIII from the circulation (19). Factor VIII
circulates as a mixture of heterodimers formed as a result of
proteolysis at the B-A3 junction and additional cleavages within
the B domain (17). After FVIII is released into the circulation it
immediately forms a non-covalent complex with VWF,
predominantly via the a3 acidic peptide and the A3 and C2
domains (18). VWF not only protects FVIII from further
proteolytic cleavage, but also directs FVIII to the
subendothelium and to activated platelets after vascular injury
(20). At the site of bleeding, thrombin, proteolytically activated
from circulating prothrombin and released from activated
platelets, activates FVIII by cleavages at Arg372, Arg740 and
Argl689 within the acidic regions (al, a2, and a3) neighboring
the A domains (21). Thrombin-activated FVIII (FVIIIa)
transiently circulates as a heterotrimer consisting of Al, A2,
and A3-C1-C2 after the B domain is released (22). Upon FVIII
activation, VWF is released and FVIIIa forms the so called tenase
complex together with FIXa, FX and phospholipids (17, 23).
After activation of FX to FXa, the tenase complex dissembles and
FVIIIa gets deactivated by spontaneous dissociation of its
subunits or via further proteolytic cleavages by activated
protein C (24). Several catabolic receptors on scavenger cells
have been associated with the clearance of native, activated or
inactivated FVIIL: the asialoglycoprotein receptors (ASGPR), the
macrophage mannose receptors (MMR), receptors of the LDL
receptor (LDLR) family and heparan sulfate proteoglycans
(HSPG) (16, 25-31).

In this study, we investigated the recognition of FVIII
peptides by FVIII-specific CD4+ T cell hybridoma clones
under different experimental microenvironment conditions
that are expected to alter the uptake of FVIII by APCs. The
aim of this study was to better understand the association
between different microenvironment conditions during FVIII
uptake and the FVIII peptide patterns presented by APCs. In
order to address this question, we compared FVIII with FVIII
complexed with VWE, FVIII activated by thrombin, and FVIII
accompanied by a concurrent blockade of different receptors on
APCs previously associated with FVIII uptake and clearance.
Moreover, we used a recently generated, comprehensive FVIII-
specific CD4+ T cell hybridoma library that was derived from
the E17 humanized HLA-DRB1¥1501 transgenic hemophilic
mouse model (32). The hemophilic mice of this model express
the human MHC-class II protein HLA-DRBI1*1501 on the
background of a complete knockout of all murine MHC class
IT proteins (33). We used this library as a tool to monitor FVIII
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processing and presentation by APCs, by comparing the FVIII
peptide specificities of the subsequently activated FVIII-specific
CD4+ T cell hybridoma clones.

Methods
Humanized E17 HLA-DRB1*1501 mice

Humanized E17 HLA-DRB1*1501 mice, as described by
Reipert et al. (33), are characterized by a chimeric expression
of the human MHC class II HLA-DRB1*1501 with the human
sequences for the binding of peptides and the murine sequence
for the binding of murine CD4 in combination with a knockout
of all mouse MHC class II proteins and a hemophilic E17 FVIII
knockout as described by Bi et al. (34).

Treatment of mice with recombinant
human FVIII

All studies were performed in accordance with Austrian
federal law (Act BGBL I No. 114/2012) regulating animal
experimentation and approved by the Institutional Animal
Care and Use Committee of Baxalta Innovations GmbH, a
member of the Takeda group of companies, Vienna, Austria.
Mice were male and 8 to 12 weeks old at the beginning of the
experiments. The mice received up to 9 weekly intravenous or
subcutaneous doses of 1 pg recombinant human full-length
FVIII (Baxalta Innovations GmbH, a member of the Takeda
group of companies, Vienna, Austria).

Generation of FVIlI-specific T cell
hybridoma clones

T cell hybridoma clones were generated as described by
Steinitz et al. (32). Mice were treated as outlined above and
spleens were obtained three days after the last dose of human
FVIIL. The splenocytes were prepared as described previously
(35) and re-stimulated either with 20 ug/mL human
recombinant FVIII or with 1 pg/peptide/mL of a human FVIII
peptide pool (Charité Berlin, Germany) for 3 days at 37°C and
5% CO2. The peptide pool consisted of 774 15mer FVIII
peptides with an offset of 3 amino acids. The re-stimulated
splenocytes were fused to BW5147 cells (BW5147.G.1.4; ATCC
#T1B 48) using polyethylene glycol fusion (36), plated into 96
well plates and cultured for 2 days at 37°C and 5% CO2 prior to a
two weeks selection with hypoxanthine-aminopterin-thymidine
(HAT media supplement, Sigma Aldrich, Missouri USA). Cells
that grew under selection media were picked, screened for FVIII
specificity and subcloned via limiting dilution. Core peptides
were predicted using NetMHCIIpan-3.1 (37).
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Screening for FVIII-specific
hybridoma clones

The specificity of hybridoma clones for FVIII was assessed
by coculturing a total of 1 x 10> hybridoma cells with whole
splenocytes, used as APCs, derived from naive mice for 24 hours
at 37°C and 5% CO2, in the presence of either 10 ug/mL human
FVIII or human FVIII peptide pools (Charite Berlin,
Germany), respectively.

IL-2 release into cell culture supernatants was used as the
readout for the activation of hybridoma clones by APCs
preincubated with FVIII or FVIII peptide pools, respectively.
IL-2 release was analyzed using either an IL-2 ELISA (Biolegend,
California USA) or an IL-2 Bio-Plex assay (Bio-Rad
Laboratories, California USA). Hybridoma clones that
responded with an at least 5-fold increase in IL-2 release (ratio
between FVIII-stimulated cultures and medium controls) were
considered to be FVIII-specific and subsequently subcloned via
limiting dilution.

Assessment of FVIII peptide specificity of
FVIll-specific hybridoma clones

The FVIII peptide specificity of FVIII-specific hybridoma
clones was identified using cross matrix schemes as previously
described (38). Here, two identical peptide membranes, each
spanning the whole FVIII molecule, were synthesized and one cut
in rows and the other cut in columns. The peptides from each row
and each column were dissolved in DMSO (Sigma Aldrich,
Missouri USA) into individual pools containing up to 33 FVIII
peptides (1 pg/mL for each peptide). Each T-cell hybridoma was
tested against all peptide pools that were processed from the vertical
and horizontal strips. The crossing point of positive hits for the
vertical and the horizontal pools revealed the peptide that was
recognized by a particular T-cell hybridoma clone (38).

Preparation of different APC populations
from mouse spleens

If not otherwise indicated, whole splenocytes were used as
APCs in most experiments.

In some experiments whole splenocytes (APCs) were
compared with different splenic APC populations. Different
APC populations were prepared as follows:

Whole splenocytes

Spleens were finely minced and passed through a 70-uM
nylon cell strainer (Becton Dickinson, Franklin Lakes, NJ).
Spleen cells were collected in RPMI 1640 (Life Technologies,
Paisley, Scotland) supplemented with 10% preselected fetal calf
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serum (FCS), 2 mM l-glutamine (both from Hyclone, Logan,
UT), 100 U/mL penicillin, 100 mg/mL streptomycin (both from
Life Technologies), and 5 x 10-5 M [B-mercaptoethanol (Sigma-
Aldrich). Single-cell suspensions were cleared of erythrocytes by
hemolysis using a hypotonic buffer (pH 7.2) composed of 0.15 M
ammonium chloride, 10 mM potassium bicarbonate (both from
Merck, Darmstadt, Germany), and 0.1 mM ethylene-
diaminetetraacetic acid (Life Technologies).

To evaluate the composition of APCs, splenocytes were
stained for CD3e PerCP-eFluor 710 (clone 17A2, Thermo
Fisher Scientific), CD19 FITC (clone 1D3, BD Biosciences),
CDl1lc APC (HL3, BD Biosciences), CD11b PE-Cy7 (clone
M1/70, Thermo Fisher Scientific) and HLA-DR BV605 (clone
G46-6, BD Biosciences) and analyzed using a BD FACS Aria III
(BD Biosciences) and FlowJo software (Version 10.8.1; BD
Biosciences). Nonspecific binding through Fc gamma receptors
was blocked by a mixture of anti-CD16 and anti-CD32
antibodies (Fc Block; BD Biosciences).

Splenic CD19+ B cells

Splenocytes were prepared as described before. Afterwards,
cells were stained for CD3e PerCP-eFluor 710 (clone 17A2,
Thermo Fisher Scientific), CD19 FITC (clone 1D3, BD
Biosciences), CD11c APC (HL3, BD Biosciences), CD11b PE-
Cy7 (clone M1/70, Thermo Fisher Scientific) and HLA-DR
BV605 (clone G46-6, BD Biosciences) and subsequently sorted
using a BD FACS Aria III (BD Biosciences). Post sort analysis
using FlowJo software (Version 10.8.1; BD Biosciences) showed
a purity of >98% for splenic CD19+ B cells.

Splenic CD11b+ monocyte/macrophages

Splenocytes were prepared as described before. Monocytes/
macrophages were enriched by a pre-isolation step using
NKp46, CD3e and CD19 MACS beads negative selection (all
Miltenyi Biotech, Germany). Subsequently, cells were stained for
CD3e PerCP-eFluor 710 (clone 17A2, Thermo Fisher Scientific),
CD19 FITC (clone 1D3, BD Biosciences), CD11c APC (HL3, BD
Biosciences), CD11b PE-Cy7 (clone M1/70, Thermo Fisher
Scientific) and HLA-DR BV605 (clone G46-6, BD Biosciences)
and sorted using a BD FACS Aria III (BD Biosciences).
Nonspecific binding through Fc gamma receptors was blocked
by a mixture of anti-CD16 and anti-CD32 antibodies (Fc Block;
BD Biosciences). Post sort analysis using FlowJo software
(Version 10.8.1; BD Biosciences) showed an average purity of
94.4% for splenic CD11b+ monocytes/macrophages.

Splenic CD11c high MHC class I+
dendritic cells

Splenocytes were prepared as described before. Dendritic cells
were enriched by a pre-isolation step using NKp46, CD3e and
CD19 MACS beads negative selection (all Miltenyi Biotech,
Germany). Subsequently, cells were stained for CD3e PerCP-
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eFluor 710 (clone 17A2, Thermo Fisher Scientific), CD19 FITC
(clone 1D3, BD Biosciences), CD11c APC (HL3, BD Biosciences),
CD11b PE-Cy7 (clone M1/70, Thermo Fisher Scientific) and HLA-
DR BV605 (clone G46-6, BD Biosciences) and sorted using a BD
FACS Aria III (BD Biosciences). Nonspecific binding through Fc
gamma receptors was blocked by a mixture of anti-CD16 and anti-
CD32 antibodies (Fc Block; BD Biosciences). Post sort analysis
using Flow]Jo software (Version 10.8.1; BD Biosciences) showed an
average purity of 94.8% for splenic CD11c high MHC class II+
dendritic cells.

Generation of thrombin-activated FVIII

The generation of human thrombin-activated FVIII was
performed as described by Pfistershammer et al. (39). In short,
60 units of human thrombin (Sigma Aldrich, Missouri USA)
were added to 3000 units of human recombinant FVIII in 15 mL
of RPMI 1640 (Invitrogen, California USA) and incubated at 37°
C for 30 minutes. Subsequently the thrombin inhibitor Pefabloc
TH (Pentapharm, Switzerland) was added at a final
concentration of 10 uM.

Monitoring alterations in FVIIl antigen
processing using the FVIII specific CD4+
T cell hybridoma library

The FVIII peptide repertoire presented by APCs was
monitored by analyzing the peptide specificities of
subsequently activated FVIII specific CD4+ T cell clones. In
detail, APCs from naive HLA-DRB1*1501 mice were incubated
with human recombinant FVIII, thrombin activated FVIII
(FVIIa) or FVIII in complex with human purified plasma-
derived VWF. Equal units of human FVIII and human VWF
were co-incubated in serum-free medium at room temperature
for one hour to facilitate complex building. As a control, FVIII
was co-incubated with Human Serum Albumin (HAS, Sigma
Aldrich, Missouri USA) using the same protein concentrations
as used for VWEF. Preincubation with APCs was done at 37°C
and 5% CO2 for 3 hours to allow protein uptake. Subsequently,
APCs were washed twice to remove remaining protein in the
medium. Afterwards, APCs were added to FVIII-specific CD4+
T cell clones and incubated at 37°C 5% CO2. After 48 hours the
supernatants were collected and analyzed for IL-2 release, a
marker for the activation of CD4+ T cell clones, using a Bio-Plex
assay (Bio-Rad Laboratories, California USA).

In some experiments, FVIII receptor blocking agents were
added to APC cultures 30 min prior to the addition of FVIII and
the subsequent 3 hours culture for FVIII uptake. The following
blocking agents were used as indicated: 5mM Galactose, 100ug/
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mL Heparin, 2mg/mL Mannan (all three: Sigma Aldrich,
Missouri USA), 10pug/mL blocking monoclonal antibody
against Mannose Receptor (Abcam, UK), 14.4 pg/mL
recombinant mouse LRPAP1 (Sino Biological, China),
1.25mM and 5mM EDTA (Amresco, Ohio USA).

All experiments were done in triplicates.

Statistical analysis

Statistical analysis for significance between different groups of
measured mean IL-2 release was assessed by a two-way ANOVA
with Sidaks’s multiple comparison test using Graphpad Prism 9
(GraphPad Software, Inc., California USA). P < 0.05 was considered
statistically significant.

Results

Expansion of the FVIlI-specific CD4+ T
cell hybridoma library utilizing
humanized E17 HLA-DRB1*1501 mice

Previously, we reported the major FVIII peptide regions
containing T-cell epitopes involved in the immune response of
humanized E17 HLA-DRB1*1501 mice against human FVIII (32).
In an attempt to expand the hybridoma library and increase the
repertoire of unique FVIII peptide-specific CD4+ T-cell hybridoma
clones, we slightly modified the procedure for the generation of
FVIII-specific T cell hybridoma clones. Instead of using whole
FVIII protein in the first in vitro restimulation of splenocytes
obtained from mice treated with up to 9 doses of human FVIII,
we used a whole human FVIII peptide pool consisting of 15-mer
peptides shifted by 3 amino acids. This way, we generated 99 novel
FVIII-specific CD4+ T cell hybridoma clones. Moreover, we
identified a new CD4+ T-cell epitope in the C2 domain of FVIII
(FVIII 2248-2268) which complemented the 8 epitopes that we had
already reported in Steinitz et al. (32). The new FVIII-specific CD4+
T cell hybridoma clones expanded our FVIII-specific hybridomas
library obtained from humanized E17 HLA-DRB1*1501 mice to a
total of 283 CD4+ T cell hybridoma clones recognizing 9 different
epitope regions (Figure 1). We used this library for all subsequent
studies related to potential alterations of FVIII-peptide
presentations under different microenvironment conditions that
are expected to alter the uptake of FVIII by APCs.

As the route of FVIII uptake and the subsequent processing
of FVIII might differ between distinct populations of APCs, we
were interested in the capability of different splenic APC
populations to efficiently present the identified FVIII peptides.
To address this question, we isolated CD11c high MHC class II+
dendritic cells, CD11b+ monocytes/macrophages and CD19+ B
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c AA1 FVIIl peptides core sequence
FVIII 82-102 LKNMASHPV
A1
FVIII 226-246 HTVNGYVNR
'
FVIII 454-474 TLLIIFKNQ
FVIII 520-543 LTRYYSSFV
A2
—
B
FVIIl 1381-1407 VSSFPSIRP
—_
FVIII 1765-1786 IMVTFRNQA
A3
FVIIl 2005-2025 STLFLVYSN
c1
FVIII 2140-2164 YIRLHPTHY
= FVIII 2248-2268 SMYVKEFLI
Cc2
AA 2332

Repertoire of CD4+ T cell epitopes after intravenous and subcutaneous application of FVIII in humanized E17 HLA-DRB1*1501 mice. E17
HLADRB1*1501 mice (E17 human MHC class Il) received up to 9 weekly intravenous or subcutaneous doses of 1 ug recombinant human full-
length FVIII. Spleen cells were obtained 3 days after the last immunization, re-stimulated with either human FVIII protein or a human FVIII
peptide pool, and subsequently fused with cells of a BW thymoma cell line as described (32). CD4+ T cell hybridoma clones were characterized
for their peptide specificity using a 15-mer peptide library (12 amino acids overlap) covering the sequence of full-length human FVIII. (A)
Number and peptide specificity of CD4+ T cell hybridoma clones obtained from a total of 24 fusion campaigns. (B) Representative examples
(n=3) for the IL-2 release of FVIlI-specific CD4+ T cell hybridoma clones specific for different FVIII peptide regions during incubation with 10U
FVIII. Presented is the mean value + SD. (C) Core sequences, peptide specificities and associated FVIII domains of the CD4+ T cell hybridoma

clones described in (A).

cells using splenocytes isolated from naive humanized E17 HLA-
DRB1*1501 mice and analyzed the stimulation of peptide-
specific CD4+ T cell hybridoma clones by the different APC
populations in the presence of 10pg/mL human FVIIL Results
depicted in Figure 2 and Table 1 show differences in the capacity
of the different APC populations to activate the respective FVIII-
specific CD4+ T cell hybridoma clones. CD11c high MHC class
I+ dendritic cells outperformed the other APC populations
investigated in their capacity to activate the FVIII-specific CD4+
T cell hybridoma clones for most clones, except for clones
specific for peptide FVIII 1765-1786 in the A3 domain. All
APC populations investigated were able to activate CD4+ T cell
hybridoma clones specific for the respective epitopes, as
indicated by the induction of an IL-2 release which was at
least 5-10-fold higher than in the respective medium control
(Figure 2 and Table 1).
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VWF has distinct effects on the
presentation of some but not all FVIII
peptides investigated

Next, we asked if human VWF modulates the presentation
of FVIII-derived peptides and the subsequent stimulation of
peptide-specific CD4+ T cell hybridoma clones derived from the
FVIII-specific CD4+ T cell hybridoma library. To address this
question, APCs obtained from naive humanized E17 HLA-
DRB1*1501 mice were incubated with either human FVIII or
a complex of human FVIII and human VWF and subsequently
co-cultured with the FVIII-specific CD4+ T cell hybridoma
library. The composition of APCs as evaluated by flow
cytometry, indicated that the APCs contained approximately
30% splenic CD19+ B cells, 4.5% splenic CD11c¢ high MHC class
I+ dendritic cells and 7.5% splenic CD11b+ monocytes/
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FIGURE 2

Capacity of different APC populations to present FVIII peptides and subsequently activate FVIII-specific CD4+ T cell hybridoma clones. FVIII
specific CD4+ T cell hybridoma clones were cocultured with total splenocytes, purified splenic CD11c high MHC class Il+ dendritic cells,
purified splenic CD11b+ monocytes/macrophages or purified splenic CD19+ B cells preincubated with human FVIII or Medium control, as
indicated. After 24 hours coculture of preincubated APCs with CD4+ T cell hybridoma clones, culture supernatants were collected and analyzed
for IL-2 release as an indicator for the activation of the CD4+ T cell hybridoma clones. (A) Gating strategy for the purification of splenic CD11c
high MHC class Il+ dendritic cells, splenic CD11b+ monocytes/macrophages and splenic CD19+ B cells. After exclusion of dead cells and
doublets and subsequent selection of lymphocytes based on physical parameters, splenic B lymphocytes were identified by expression of CD19.
Splenic dendritic cells and monocytes/macrophages were gated on CD3e/CD19 double negative cells and further discriminated by expression
of CD11c high/HLA-DR or CD11b, respectively. (B)The IL-2 release is shown as relative IL-2 release in %, compared to the IL-2 release of the
respective splenocyte control group (100%). Depicted is the mean value + SEM. Statistical analysis for significance between different APCs and
the splenocyte control group of measured mean IL-2 release was assessed by an unpaired t-test using Graphpad Prism 9 (GraphPad Software,
Inc., California USA). P < 0.05 was considered statistically significant. ns means not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
Detailed data are provided in Table 1. All experiments were done in triplicates. For comparison, absolute values for the related IL-2 release
induced by splenocyte control APCs are presented in Figure 1B.
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TABLE 1 Capability of different APC populations to present FVIII peptides and subsequently activate FVIlI-specific CD4+ T cell hybridoma clones.

DCs(CD11c¢ high MHCII+ cells)

Monocytes/Macrophages(CD11b+)

B cells(CD19+ cells) Medium control

Relative IL-2 release in %, compared to total splenocytes ( + SEM)

FVIII 82-102
FVII 226-246
FVIII 454-474
FVIII 520-543
FVIII 1381-1407

580.50 ( + 47.54)
1793.83 ( + 206.97)
1275.58 ( + 183.85)

685.93 (+ 97.01)

468.47 (+79.57)

154.38 ( + 44.43)

937.91 ( + 73.10)

642.34 (+80.77)
3191.72 ( + 448.05)

FVIII 1765-1786
FVIII 2005-2025
FVIII 2140-2164
FVIII 2248-2268

19.12 (% 1.19) 29.19 ( + 1.27) 4.63 (£ 0.10)
26.34 (+2.32) 2.76 (+0.29) 0.43 (£ 0.08)
28.36 ( +2.21) 25.61 ( + 0.80) 330 (£0.17)
23.40 ( + 0.49) 21.78 ( + 0.35) 1.70 ( + 0.08)
44.54 ( + 2.85) 28.14 ( + 0.57) 593 (+0.22)
126.77 ( + 31.40) 96.42 ( +2.23) 0.31 (£ 0.04)
38.16 (+ 7.01) 49.43 (+3.93) 3.82 (+0.15)
9.21 (£ 0.96) 31.36 ( + 2.10) 0.34 (£ 0.04)
23572 ( + 27.37) 18.58 (% 1.23) 5.74 ( + 0.96)

Presented is the relative IL-2 release in percent, compared to the IL-2 release in the respective total splenocyte control group (100%). All experiments were done in triplicates. Absolut values
for the IL-2 release induced by the total splenocyte control group are presented in Figure 1B.

macrophages. IL-2 released into culture supernatants of each
hybridoma clone co-culture with APCs was analyzed. As a
protein control, we included Human Serum Albumin (HSA) at
the highest protein concentration used for co-cultures with
human VWEF. The results of two representative examples for
the potential influence of VWF on the IL-2 release by clones of
the FVIII-specific CD4+ T cell hybridoma library are shown in
Figure 3A. While the IL-2 release by the FVIII-specific CD4+ T
cell hybridoma clone specific for the FVIII peptide region 82-102
within the A1 domain of FVIII was not affected by VWF, the
data indicate an almost complete reduction in IL-2 release by the
FVIII-specific CD4+ T cell hybridoma clone specific for the
FVIII peptide region 1381-1407 within the B domain. In the
experiments presented in Figure 3A, we used either 5U/mL or 10
U/mL of FVIII in the presence or absence of 5U/mL or 10 U/mL
of VWF, respectively. We also tested a clinically more relevant
dose of 1U/mL FVIII with or without 1U/mL VWE. We
observed similar trends as presented in Figure 3A but the
overall stimulation of peptide-specific CD4+ T cells was weak
in comparison to the stimulation observed when using 5 or 10
U/mL of FVIII and VWEF. Overall, the presence of VWF during
incubation of APCs with FVIII significantly (p < 0,0001) reduced
the subsequent activation of CD4+ T-cell hybridoma clones
specific for 4 of the 9 identified CD4+ T-cell epitopes (Figure 3B
and Table 2). The reduction was about 85% in the clones specific
for the B domain peptide (FVIII 1381-1407) and about 40-50%
in two clones specific for the A2 domain (FVIII 454-475 and
FVIII 520-544) and one clone specific for the C2 domain (FVIII
2248-2268). However, the activation of CD4+ T-cell hybridoma
clones specific for the remaining 5 of the 9 identified CD4+
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T-cell epitopes was not modified by the presence of VWF in the
preincubation of APCs (Figure 3B and Table 2).

Thrombin activation of FVIII alters the
FVIII peptide pattern presented by APCs

The cofactor activity of FVIII during the propagation phase of
coagulation is required for the generation of a thrombin burst. FVIII
gets activated at the site of bleeding by its physiological activator
thrombin leading to the structurally distinct FVIIIa. We were
interested to study if thrombin-activated FVIIIa is differently
processed and presented by APCs when compared to non-
activated FVIIL In the experiments presented in Figure 4A, we
compared the activation of FVIII-specific CD4+ T cell hybridoma
clones by APCs preincubated with either 10U/mL FVIII or 10U/mL
FVIIIa. FVIIIa was generated prior the preincubation culture of
APCs by the addition of Thrombin which was inactivated after
30min by adding Pefabloc to the culture mixture. The APCs were
cultured in the culture mixture for 3 hours to allow for FVIIIa
uptake and subsequently washed prior to the co-culture with FVIII-
specific CD4+ T-cell hybridoma clones. We observed a substantially
reduced activation of FVIII-specific CD4+ T cell hybridoma clones
which are specific for peptides in the A2 and B domains
(Figure 4A). A control experiment which only included
Thrombin and Pefabloc in the culture mixture of APCs before
adding FVIII indicated that the reduced activation of the respective
FVIII-specific CD4+ T cell hybridoma clones were not due to a
direct effect of Thrombin or Pefabloc on the activity of
APCs (Figure 4B).
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FIGURE 3

VWEF present during preincubation of APCs modulates presentation of FVIlI-derived peptides and subsequent stimulation of peptide-specific
CD4+ T cells hybridoma clones. FVIII specific CD4+ T cell hybridoma clones were cocultured with APCs preincubated with either human FVIII
only or a complex of human FVIII with human VWF. As a control, FVIII was mixed with Human Serum Albumin in the same protein
concentration as used for VWF. After 48 hours culture of preincubated APCs with CD4+ T cell hybridoma clones, culture supernatants were
collected and analyzed for IL-2 release as an indicator for the activation of the CD4+ T cell hybridoma clones. (A) Two representative examples
for the influence of VWF present during the preincubation of APCs on the subsequent activation of FVIII-specific CD4+ T cell hybridoma clones
specific for different FVIII peptide regions. Presented is the mean value + SD (B) Overview of the influence of VWF present during the
preincubation of APCs on the subsequent activation of FVIII-specific CD4+ T cell hybridoma clones specific for the different FVIII peptide
regions tested. Depicted is the mean value + SEM. Results were derived from 6 independent experiments, each done in triplicates (n=18).
Statistical analysis for significance between different groups of measured mean IL-2 release was assessed by a two-way ANOVA with Sidaks's
multiple comparison test using Graphpad Prism 9 (GraphPad Software, Inc., California USA). P < 0.05 was considered statistically significant.
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Detailed data including statistical analysis are depicted in Table 2
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TABLE 2 Influence of VWF present during preincubation of APCs with FVIII on the peptide specificity of subsequently activated FVIlI-specific CD4

+ T cell hybridoma clones.

FVIII T-cell epitope

FVIII 82-102 88.53 ( + 3.46)
FVII 226-246 89.04 ( +5.12)
FVIII 454-474 57.25 ( + 6.46)
FVIII 520-543 56.54 ( + 3.32)
FVIII 1381-1407 14.82 ( + 1.44)
FVIII 1765-1786 95.88 ( +9.95)
FVIII 2005-2025 94.16 ( + 2.98)
FVIII 2140-2164 88.59 ( + 6.13)
FVIII 2248-2268 58.72 ( + 5.48)

10U FVIII + 10U VWF (mean + SEM)

p value Significance
0.285 ns
0.3432 ns

< 0.0001 e

< 0.0001 R

< 0.0001 e
0.9955 ns
0.9515 ns
0.2914 ns

< 0.0001 ot

Presented is the relative IL-2 release in percent, compared to the IL-2 release in the respective “FVIII only” control group (100%). Statistical analysis for significance of the differences in IL-2
release between each of the “FVIII only” control groups and the related “FVIII+VWE” group were assessed by a two-way ANOVA with Sidaks’s multiple comparison test using Graphpad
Prism 9. P < 0.05 was considered statistically significant. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Blocking specific receptors on APCs
modifies the FVIII peptide repertoire
presented on MHC class Il, analyzed by
the subsequent activation of FVIII-
specific CD4+ T cell hybridoma clones

Finally, we asked if blocking specific receptors on APCs
which are associated with the uptake of FVIII results in an
alteration of the FVIII peptide pattern presented by MHC-class
II. Multiple receptors associated with FVIII uptake were
previously reported, including mannose receptor (MR),
asialoglycoprotein receptors (ASGPR), low-density lipoprotein
receptor-related protein-1 (LRP1) and heparan sulfate
proteoglycans (HSPG) (16, 25-31). We preincubated APCs
with different blocking agents prior to the addition of FVIIL
Our results indicate that blocking the MR or the ASGPR by
galactose, mannan or a blocking monoclonal anti-MR antibody
did not influence the subsequent activation of any of the FVIII
peptide-specific CD4+ T cell hybridoma clones (Figure 5 and
Table 3). However, when we complemented the culture medium
used for preincubation of APCs with recombinant mouse low
density lipoprotein receptor-related protein-associated protein 1
(LRPAP1), a specific ligand for LRP1 and other receptor-
associated protein (RAP)-sensitive receptors, we observed a
significant increase in the subsequent activation of FVIII-
specific CD4+ T cell hybridoma clones which are specific for
an epitope in the in the C2 domain (FVIII 2248-2268). This
increase was reflected by an about 50% higher IL-2 release when
compared to controls (Figure 5 and Table 3). However, blocking
LRP1 on APCs did not modulate the subsequent activation of
any of the CD4+ T cell hybridoma clones specific for the other
FVIII peptides investigated, e.g. FVIII 82-102, FVIII 226-246,
FVIII 454-474, FVIII 520-543, FVIII 1381-1407, FVIII 1765-
1786, FVIII 2005-2025 and FVIII 2140-2164 (Figure 5
and Table 3).
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Pretreatment of APCs with heparin to block binding of
FVIII to HSPG reduced the subsequent activation of FVIII-
specific CD4+ T cell hybridoma clones which are specific for
peptides in the A3 and C1 domains of FVIII (FVIII 2005-2025
and FVIII 2140-2164) but substantially increased the subsequent
activation of FVIII-specific CD4+ T cell hybridoma clones which
are specific for peptides in the B and A2 domains of FVIIT (FVIII
1381-1407, FVIII 520-554 and FVIII 454-474) (Figure 5 and
Table 3). Pretreatment of APCs with EDTA, which functionally
blocks bivalent ion-dependent receptors, resulted in the
substantial reduction of the subsequent activation of FVIII-
specific CD4+ T cell hybridoma clones which are specific for
peptides in the Al and A2 domains of FVIII (FVIII 82-102,
FVIII 226-246, FVIII 454-474 and FVIII 520-543) and a mild to
moderate reduction in the activation of hybridoma clones
specific for peptides in the C1 and C2 domains (FVIII 2005-
2025, FVIII 2140-2164 and FVIII 2248-2268) (Figure 5 and
Table 3). In contrast, preincubation of APCs with EDTA did not
significantly alter the subsequent activation of hybridoma clones
which are specific for peptides in the A3 domain (FVIII 1765-
1786) or for peptides in the B domain (FVIII 1381-1407).

Discussion

This in vitro study assessed the FVIII peptide specificity of
an activated FVIII-specific HLA-DRB1*1501 restricted CD4+ T-
cell hybridoma library in relation to different microenvironment
conditions during FVIII endocytosis by APCs. The results of this
study indicate that modifications of the microenvironment
during FVIII uptake by APCs alter the peptide specificity of
subsequently activated FVIII-specific CD4+ T cell hybridoma
clones. Based on these data we hypothesize that the route of
FVIII uptake by APCs and the subsequent routing into different
endosomal compartments might determine the FVIII peptide
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Differential activation of FVIII peptide-specific CD4+ T cells hybridoma clones by FVIII and thrombin-activated FVllla, present during
preincubation of APCs. FVIII specific CD4+ T cell hybridoma clones were cocultured with APCs preincubated with either FVIII or thrombin-
activated FVllla. (A) Relative IL-2 release by FVIII-specific CD4+ T cell hybridoma clones specific for the different FVIII peptide regions tested,
comparing non-activated FVIII (100%) and thrombin-activated FVllla, present during the preincubation of APCs prior to subsequent co-culture
with CD4+ T cell hybridoma clones. Depicted is the mean value + SEM. Results were derived from 2 independent experiments done in
triplicates (n=6). Statistical analysis for significance between different groups of measured mean IL-2 release was assessed by a two-way ANOVA
with Sidaks's multiple comparison test using Graphpad Prism 9 (GraphPad Software, Inc., California USA). P < 0.05 was considered statistically
significant. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; (B) Control experiment testing a potential influence of Thrombin and Pefabloc, both
used for the generation of activated FVllla, on APC function. APCs were preincubated with Thrombin and Pefabloc, and afterwards washed
before adding FVIII. Subsequently, preincubated APCs were co-cultured with FVIII-specific CD4+ T cell hybridoma clones specific for the FVIII

peptides indicated.

repertoire presented on MHC-class II expressed by APCs and
the peptide specificity of subsequently activated FVIII-specific
CD4+ T cells.

We used a FVIII-specific CD4+ T cell hybridoma library
derived from humanized E17 HLA-DRB1*1501 mice as a
sensitive in vitro tool to study alterations in the FVIII peptide
specificity of activated FVIII-specific CD4+ T cells in relation to
alterations in the microenvironment during FVIII uptake by
APCs. FVIII is most likely taken up by a range of different APCs
in vivo. Therefore, we decided to use total splenocytes,
containing different APC populations present in vivo, as APCs
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for the major part of our studies. Our aim was to obtain a general
understanding if and how the microenvironment of APCs
during FVIII uptake influences the subsequently generated
FVIII peptide repertoire. However, as different APC
populations might uptake and process FVIII differently, we
were interested if major APC populations present in mouse
splenocytes are capable to activate the FVIII-specific CD4+ T cell
hybridoma library. Data obtained with purified splenic CD11c
high MHC class II+ dendritic cells, splenic CD11b+ monocytes/
macrophages and splenic CD19+ B cells show that only
quantitative, but not qualitative changes in the II-2 response of
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TABLE 3 Influence of different blocking agents for endocytosis receptors present during preincubation of APCs with FVIII, on the peptide
specificity of subsequently activated FVIll-specific CD4+ T cell hybridoma clones .

FVIII T-cell epitope

aMR Mannan LRPAP1
antibody (2mg/mL)  (14.4 pg/mL)
(10pug/mL)

FVIII 82-102
FVII 226-246
FVIII 454-474
FVIII 520-543

87.33 ( + 2.55)
77.61 ( + 1.36)
109.81 ( + 8.20)
96.36 (% 7.71)

94.61 ( +3.15)
83.85 ( + 5.02)
88.94 (+9.42)
86.11 ( % 3.38)
106.93 ( + 7.52)
99.86 ( + 3.00)
108.43 ( + 3.38)
81.57 (+8.12)
86.84 ( + 6.56)

94.81 ( + 7.40)
101.11 ( + 6.82)
99.38 ( + 4.58)
10224 (% 4.73)
114.94 ( + 4.96)
102.14 (+2.11)
86.52 ( + 5.16)
96.32 ( + 7.74)
150.34 ( + 18.41)*

FVIII 1381-1407 110.70 ( + 3.87)
96.95 ( +2.12)
91.54 ( + 5.66)
83.11 (+7.14)

91.26 ( + 11.89)

FVIII 1765-1786
FVIII 2005-2025
FVIII 2140-2164
FVIII 2248-2268

10U FVIII +
Galactose EDTA (5mM) EDTA Heparin(100pg/
(5.5mM) (1.25mM) mL)

11-2 release in %
of FVIII ctrl ( + SEM)

92.87 ( + 4.20)

89.71 ( + 3.69)

94.76 ( + 5.85)

107.14 ( £ 5.61)
98.61 ( + 4.71)

102.24 ( + 1.79)
94.38 ( + 4.21)

107.43 ( +9.14)
111.97 ( + 25.64)

1.92 ((+ 019y
1.77 ((+ 018
17.98 (+ 1.97)%%
3346 (£ 2.48)*
126.16 ( + 3.79)
78.24 ( + 2.44)
54.76 ( + 6.69)
47.90 ( + 5.90)*
4260 (+7.82)*

549 (+ 0.39)00*
2.39 (£ 0.33)00*
71.03 ( + 7.52)
76.99 ( + 4.28)
139.20 ( + 1.79)
84.75 ( + 3.70)
45.69 ( + 6.76)*
47.12 (£ 7.21)*
73.69 ( + 15.59)

72.67 ( + 2.40)
70.09 ( + 7.41)
680.76 ( + 86.09)*
255.32 (£ 6.67)
16330 ( + 8.88)*
95.09 ( + 2.07)
39.28 ( + 2.74)"*
3537 (+ 1.90)**
83.09 (+ 11.33)

aMR antibody and mannan: to block mannose receptors (MR); LRPAP1 to block LDL receptor family members and LDL receptor-related protein (LRP); Galactose to block
asialoglycoprotein receptors (ASGPR); EDTA to inactivated ion-dependent receptors; Heparin to block heparan sulfate proteoglycans (HSPG); FVIII ctrl: FVIII only control group.
Presented is the relative IL-2 release, compared to the IL-2 release in the respective “FVIII only” control group (100%). Statistical analysis for significance between different groups of

measured mean IL-2 release was assessed by a two-way ANOVA with Sidaks’s multiple comparison test using Graphpad Prism 9. P < 0.05 was considered statistically significant. *p<0.05;

“p<0.01; #*p<0.001; ***p<0.0001.

CD4+ T cell hybridoma clones, indicating that the different APC
populations present in whole splenocytes are able to present all
identified FVIII peptides to the FVIII-specific CD4+ T cell
hybridoma library. Interestingly, although splenic CD11c high
MHC class II+ dendritic cells expectedly outperformed splenic
CD11b+ monocytes/macrophages and splenic CD19+ B cells in
the capacity to activate most of the FVIII-specific CD4+ T cell
hybridoma clones tested, all purified APC populations were
similarly able to activate clones recognizing FVIII peptide
1765-1786 in the A3 domain.

We would like to emphasize several limitations associated
with the utilization of the hybridoma library. The FVIII peptides
presented on APCs in the context of MHC-class II are restricted
to the human HLA-DRB1*1501 haplotype. Furthermore, using
this library, only 9 different FVIII T-cell epitopes could be
identified. Consequently, the FVIII-specific CD4+ T cell
hybridoma library can only cover a proportion of the FVIII T-
cell epitopes found in the total population of patients with severe
hemophilia A. However, the particular haplotype HLA-
DRB1*1501 was reported to be associated with an increased
risk for patients with severe hemophilia A to develop FVIII
inhibitors following FVIII replacement therapies (40-42).
Moreover, van Haren and colleagues demonstrated, that 6
peptide specificities identified in our FVIII-specific CD4+ T
cell hybridoma library overlap with peptides presented on
human APCs after pulsing with FVIII (43). Therefore, we
believe that the FVIII-specific CD4 T-cell epitopes investigated
in our studies are relevant for patients. Another limitation of our
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model is the fact that it includes murine APCs expressing the
human MHC-class II. We cannot exclude that the murine nature
of the APCs is associated with inherent differences in processing
and presentation of antigenic peptides when compared to their
human APC counterparts. Previously we compared APCs
derived from the humanized HLA-DRB1*1501 mouse model
with human monocyte-derived dendritic cells generated from a
healthy blood donor who was homozygous for the MHC-class II
haplotype HLA-DRB1*1501. We could show that both types of
APCs were equally able to stimulate the FVIII-specific CD4+ T
cell hybridoma library derived from the humanized HLA-
DRB1*1501 mouse model (32). Therefore, we believe that our
study can serve as a proof of principle demonstrating that the
microenvironment during FVIII uptake by APCs shapes the
repertoire of FVIII peptides presented to CD4+ T cells.

After secretion, FVIII immediately forms a non-covalent
complex with VWEF, whose potential role on the
immunogenicity of FVIII has been under intense discussion
over the last decade (44). Previous studies proposed VWF to
affect FVIII immunogenicity by significantly reducing FVIII
endocytosis (14-16). The data presented in our study suggests
that VWF does not inhibit the general uptake of FVIII by APCs,
but has distinct effects on the presentation of some FVIII
peptides but not on others. These findings are in line with
data previously reported by Sorvillo et al. indicating that VWF
modulates the internalization and presentation of FVIII in
immature human dendritic cells, using mass spectrometry
analysis of the eluted MHC class II - peptide complex (15).
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Blocking endocytosis receptors during preincubation of APCs modulates presentation of FVIII-derived peptides and subsequent stimulation of
FVIII peptide-specific CD4+ T cells hybridoma clones. APCs were preincubated with specific blocking agents for endocytosis receptors which
are associated with the endocytosis of FVIII: 5mM Galactose to block the asialoglycoprotein receptors (ASGPR); 100pg/mL Heparin to block
heparan sulfate proteoglycans (HSGP), 2mg/mL Mannan or 10pg/mL of a specific monoclonal antibody to block the Mannose Receptor, 14.4
pg/mL recombinant mouse LRPAP1 to block the low-density lipoprotein receptor—related protein-1 (LRP1), 1.25mM and 5mM EDTA to inhibit
the function of bivalent ion-dependent receptors. After 3hrs incubation, APCs were washed and subsequently cocultured with FVIII specific CD4
+ T cell hybridoma clones covering the 9 CD4 T-cell epitopes recognized by the hybridoma library. Relative IL-2 release as an indicator for the
activation of hybridoma clones in relation to the normal FVIII control (100%) is presented. Depicted is the mean value derived from 2
independent experiments done in triplicates (n=6). Detailed data and statistical analysis are depicted in Table 3.

Our data demonstrate that cleavage and activation of FVIII
by thrombin leads to an altered FVIII peptide repertoire
presented on APCs. This is particularly interesting as it
indicates that activated FVIII as generated at bleeding sites is
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processed differently than non-activated FVIIL. We believe that
FVIIIa binds to different endocytosis receptors expressed on
APCs and, therefore, might be routed to different endosomal
compartments when compared to non-activated FVIII. These

frontiersin.org


https://doi.org/10.3389/fimmu.2022.975680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lubich et al.

differences could result in modifications of the FVIII peptide
repertoire presented by APCs. In line with this hypothesis,
Bovenschen et al. previously showed that proteolytic cleavage
of factor VIII is required to expose the binding-site for low-
density lipoprotein receptor related protein within the A2
domain of FVIII (45).

To further investigate the association between different
microenvironment conditions during FVIIT uptake and the FVIII
peptide patterns presented by APCs, we blocked surface receptors
on APCs which are believed to be associated with the uptake of
FVIIL Several receptors have been identified to play an important
role in the clearance of FVIII, such as mannose receptor (MR),
asialoglycoprotein receptors (ASGPR), low-density lipoprotein
receptor-related protein-1 (LRP1) and heparan sulfate
proteoglycans (HSPG) (16, 25-31). However, it is not completely
understood if these receptors are also involved in FVIII uptake by
APCs. Based on the data of our study, we conclude that neither
blocking the asialoglycoprotein receptors nor blocking the mannose
receptor seem to alter the FVIII peptide repertoire presented by
APCs which is in line with previous findings by Dasgupta and
Herczenik (16, 26). Although LDL receptor family members and
LDL receptor-related proteins (LRP) are important receptors for
FVIII clearance (46, 47), they have been reported not to influence
the capacity of human APCs for FVIII uptake (16, 26). Data of our
study indicate that blocking the LRP on APCs modifies the
subsequent activation of a CD4+ T cell hybridoma clone that is
specific for a peptide in the C2 domain of FVIIL. When blocking
bivalent ion-dependent receptors expressed on APCs with EDTA,
the subsequent activation of most of the CD4+ T cell hybridoma
clones was down-regulated with the exception of clones recognizing
peptides in the A3 domain (FVIII 1765-1786) or peptides in the B
domain (FVIII 1381-1407), which were not significantly altered in
their magnitude of activation. This data suggest that FVIII
endocytosis by APCs does not seem to be completely blocked by
EDTA as previously suggested (14). Moreover, FVIII uptake by
APCs seem to involve both ion-dependent and ion-independent
mechanisms. HSPG has been shown to effectively bind and
concentrate FVIII on the cell surface of APCs and thereby
facilitates endocytosis of FVIII by endocytosis receptors such as
e.g. LRP (31). Competing with HSPG binding using heparin
resulted in pronounced changes in the magnitude of activation of
the FVIII-specific CD4+ T cell hybridoma clones. The question
remains if these changes are due to a reduction of FVIII endocytosis
by APCs or to an uptake of FVIII via different endocytosis
receptors, or to a mixture of both mechanisms.

The data of our study suggest a crucial relationship between the
specific microenvironment during FVIII endocytosis by APCs and
the FVIII peptide repertoire presented by APCs. Using BS-C-1 cells,
it was previously demonstrated, that endocytosed proteins are not
generally sorted into a common pool of early endosomes, but rather
into different subsets of endosomes (48) which differ in their
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specialized functions (49-53). Moreover, it was shown that the
sorting of endocytosed proteins into different compartments of the
endosomal pathway is dependent on the endocytosis receptor (54).
Different endosomal compartments do not only contain different
sets of enzymes for protein processing but also different quantities
of available class IT molecules for peptide loading (13). Based on
those findings and based on the results of our own study, we
hypothesize that the diversity of the FVIII peptide repertoire
presented by APCs to CD4+ FVIII-specific T cells does not only
depend on the type of APC but also on the local microenvironment
at the time of FVIII uptake by APCs. In this context, uptake of
FVIII and FVIIIa by APCs at local bleeding sites might result in a
different peptide repertoire presented to FVIII-specific CD4+ T cells
when compared to the uptake of FVIII by APCs at non-bleeding
sites. It is well established that some patients with hemophilia A
repeatedly bleed into their joints, creating a chronic inflammatory
microenvironment (55). It can be expected that such environment
will not only facilitate the recruitment of more APCs to the site of
inflammation but will also influence antigen processing itself as
described for human dendritic cells (56). Fiebiger et al. presented
data indicating that the balance of pro- and anti-inflammatory
cytokines can directly affect the antigen presentation capacity of
APCs by modifying the biosynthesis, stability or activity of the
enzymes involved in endocytic proteolysis (56).

In conclusion, our data suggest that the the microenvironment
during FVIII endocytosis by APCs determines the FVIII peptide
repertoire presented on MHC-class II and, therefore, the specificity
of subsequently activated FVIII-specific CD4+ T cells. Whether
alterations in the FVIII peptide repertoire presented on APCs
results in subsequent alterations in the induction of neutralizing or
non-neutralizing antibodies against FVIII requires further studies.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement
The animal study was reviewed and approved by
Institutional Animal Care and Use Committee of Baxalta

Innovations GmbH, a member of the Takeda group of
companies, Vienna, Austria.

Author contributions

Contribution: CL designed research, performed in vitro
analysis, analyzed and interpreted data, and wrote the

frontiersin.org


https://doi.org/10.3389/fimmu.2022.975680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lubich et al.

manuscript. KS and PH designed research, and analyzed and
interpreted data. BH and TP performed in vitro analysis and
interpreted data. MW designed, supervised, and performed
animal experiments. BR designed research, analyzed and
interpreted data, and wrote the manuscript.

Acknowledgments

The authors thank Elisabeth Hopfner for technical assistance
and Maria Schuster for supervising animal breeding. The
authors also thank Fritz Scheiflinger who supported part of
the study.

Conflict of interest

MW is an employee of Baxalta Innovations GmbH,
a member of the Takeda group of companies, Vienna, Austria.

References

1. Kessler CMMG. Clinical manifestations and therapy of the hemophilias. In: C
RW, editor. Hemostasis and thrombosis: Basic principles and clinical practice.
Philadelphia: Lippincott-Raven (2006). p. 887-904.

2. Aledort L, Mannucci PM, Schramm W, Tarantino M. Factor VIII
replacement is still the standard of care in haemophilia a. Blood Transfus (2019)
17(6):479-86. doi: 10.2450/2019.0211-19

3. Gouw SC, van der Bom JG, Ljung R, Escuriola C, Cid AR, Claeyssens-
Donadel S, et al. Factor VIII products and inhibitor development in severe
hemophilia a. New Engl ] Med (2013) 368(3):231-9. doi: 10.1056/NEJMo0a1208024

4. Green D. Factor VIII inhibitors: a 50-year perspective. Haemophilia (2011) 17
(6):831-8. doi: 10.1111/j.1365-2516.2011.02568.x

5. Reipert BM. Risky business of inhibitors: HLA haplotypes, gene
polymorphisms, and immune responses. Hematology/the Educ Program Am Soc
Hematol Am Soc Hematol Educ Program (2014) 2014(1):372-8. doi: 10.1182/
asheducation-2014.1.372

6. Ragni MV, Nimorwicz P. Human immunodeficiency virus transmission and
hemophilia. Arch Internal Med (1989) 149(6):1379-80. doi: 10.1001/
archinte.1989.00390060101021

7. Bray GL, Kroner BL, Arkin S, Aledort LW, Hilgartner MW, Eyster ME, et al.
Loss of high-responder inhibitors in patients with severe hemophilia a and human
immunodeficiency virus type 1 infection: a report from the multi-center
hemophilia cohort study. Am J Hematol (1993) 42(4):375-9. doi: 10.1002/
ajh.2830420408

8. Qian J, Collins M, Sharpe AH, Hoyer LW. Prevention and treatment of factor
VIII inhibitors in murine hemophilia a. Blood (2000) 95(4):1324-9. doi: 10.1182/
blood.V95.4.1324.004k25_1324_1329

9. Sasgary M, Ahmad RU, Schwarz HP, Turecek PL, Reipert BM. Single cell
analysis of factor VIII-specific T cells in hemophilic mice after treatment with
human factor VIII. Thromb Haemostasis (2002) 87(2):266-72. doi: 10.1055/s-0037-
1612983

10. Davis MM, Boniface JJ, Reich Z, Lyons D, Hampl ], Arden B, et al. Ligand
recognition by alpha beta T cell receptors. Annu Rev Immunol (1998) 16:523-44.
doi: 10.1146/annurev.immunol.16.1.523

11. Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing. Annu
Rev Immunol (2013) 31:443-73. doi: 10.1146/annurev-immunol-032712-095910

12. Chow A, Toomre D, Garrett W, Mellman I. Dendritic cell maturation
triggers retrograde MHC class II transport from lysosomes to the plasma
membrane. Nature (2002) 418(6901):988-94. doi: 10.1038/nature01006

13. Lennon-Dumeénil AM, Bakker AH, Wolf-Bryant P, Ploegh HL, Lagaudriére-
Gesbert C. A closer look at proteolysis and MHC-class-II-restricted antigen

Frontiers in Immunology

15

10.3389/fimmu.2022.975680

CL, KS, BH, TP, PH, and BR were employees of Baxalta
Innovations GmbH, a member of the Takeda group of
companies, Vienna, Austria, at the time when this study
was done.

The authors declare that this study received funding from
Baxalta Innovations GmbH. The funder had the following
involvement in the study: study design, interpretation of data,
writing of this article and the decision to submit it
for publication.

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.

presentation. Curr Opin Immunol (2002) 14(1):15-21. doi: 10.1016/S0952-7915
(01)00293-X

14. Dasgupta S, Repesse Y, Bayry J, Navarrete AM, Wootla B, Delignat S, et al.
VWE protects FVIII from endocytosis by dendritic cells and subsequent
presentation to immune effectors. Blood (2007) 109(2):610-2. doi: 10.1182/
blood-2006-05-022756

15. Sorvillo N, Hartholt RB, Bloem E, Sedek M, ten Brinke A, van der Zwaan C,
et al. Von willebrand factor binds to the surface of dendritic cells and modulates
peptide presentation of factor VIII. Haematologica (2016) 101(3):309-18. doi:
10.3324/haematol.2015.137067

16. Herczenik E, van Haren SD, Wroblewska A, Kaijen P, van den Biggelaar M,
Meijer AB, et al. Uptake of blood coagulation factor VIII by dendritic cells is
mediated via its C1 domain. J Allergy Clin Immunol (2012) 129(2):501-9.e5. doi:
10.1016/j.jaci.2011.08.029

17. Fay PJ. Activation of factor VIII and mechanisms of cofactor action. Blood
Rev (2004) 18(1):1-15. doi: 10.1016/S0268-960X(03)00025-0

18. Lollar P, Hill-Eubanks DC, Parker CG. Association of the factor VIII light
chain with von willebrand factor. J Biol Chem (1988) 263(21):10451-5. doi:
10.1016/S0021-9258(19)81537-5

19. Lacroix-Desmazes S, Navarrete AM, Andre S, Bayry J, Kaveri SV, Dasgupta
S. Dynamics of factor VIII interactions determine its immunologic fate in
hemophilia a. Blood (2008) 112(2):240-9. doi: 10.1182/blood-2008-02-124941

20. Wise RJ, Dorner AJ, Krane M, Pittman DD, Kaufman RJ. The role of von
willebrand factor multimers and propeptide cleavage in binding and stabilization of
factor VIIL. J Biol Chem (1991) 266(32):21948-55. doi: 10.1016/50021-9258(18)54729-3

21. Eaton D, Rodriguez H, Vehar GA. Proteolytic processing of human factor
VIIL correlation of specific cleavages by thrombin, factor xa, and activated protein
¢ with activation and inactivation of factor VIII coagulant activity. Biochemistry
(1986) 25(2):505-12. doi: 10.1021/bi00350a035

22. Lollar P, Parker CG. Subunit structure of thrombin-activated porcine factor
VIIL. Biochemistry (1989) 28(2):666-74. doi: 10.1021/bi00428a038

23. Fay PJ. Factor VIII structure and function. Int ] Hematol (2006) 83(2):103—-
8. doi: 10.1532/IJH97.05113

24. Lenting PJ, van Mourik JA, Mertens K. The life cycle of coagulation factor
VIII in view of its structure and function. Blood (1998) 92(11):3983-96. doi:
10.1182/blood.V92.11.3983

25. Dasgupta S, Navarrete AM, Bayry J, Delignat S, Wootla B, Andre S, et al. A
role for exposed mannosylations in presentation of human therapeutic self-
proteins to CD4+ T lymphocytes. Proc Natl Acad Sci United States America
(2007) 104(21):8965-70. doi: 10.1073/pnas.0702120104

frontiersin.org


https://doi.org/10.2450/2019.0211-19
https://doi.org/10.1056/NEJMoa1208024
https://doi.org/10.1111/j.1365-2516.2011.02568.x
https://doi.org/10.1182/asheducation-2014.1.372
https://doi.org/10.1182/asheducation-2014.1.372
https://doi.org/10.1001/archinte.1989.00390060101021
https://doi.org/10.1001/archinte.1989.00390060101021
https://doi.org/10.1002/ajh.2830420408
https://doi.org/10.1002/ajh.2830420408
https://doi.org/10.1182/blood.V95.4.1324.004k25_1324_1329
https://doi.org/10.1182/blood.V95.4.1324.004k25_1324_1329
https://doi.org/10.1055/s-0037-1612983
https://doi.org/10.1055/s-0037-1612983
https://doi.org/10.1146/annurev.immunol.16.1.523
https://doi.org/10.1146/annurev-immunol-032712-095910
https://doi.org/10.1038/nature01006
https://doi.org/10.1016/S0952-7915(01)00293-X
https://doi.org/10.1016/S0952-7915(01)00293-X
https://doi.org/10.1182/blood-2006-05-022756
https://doi.org/10.1182/blood-2006-05-022756
https://doi.org/10.3324/haematol.2015.137067
https://doi.org/10.1016/j.jaci.2011.08.029
https://doi.org/10.1016/S0268-960X(03)00025-0
https://doi.org/10.1016/S0021-9258(19)81537-5
https://doi.org/10.1182/blood-2008-02-124941
https://doi.org/10.1016/S0021-9258(18)54729-3
https://doi.org/10.1021/bi00350a035
https://doi.org/10.1021/bi00428a038
https://doi.org/10.1532/IJH97.05113
https://doi.org/10.1182/blood.V92.11.3983
https://doi.org/10.1073/pnas.0702120104
https://doi.org/10.3389/fimmu.2022.975680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lubich et al.

26. Dasgupta S, Navarrete AM, Andre S, Wootla B, Delignat S, Repesse Y, et al.
Factor VIII bypasses CD91/LRP for endocytosis by dendritic cells leading to T-cell
activation. Haematologica (2008) 93(1):83-9. doi: 10.3324/haematol.11535

27. Lenting PJ, Neels JG, van den Berg BM, Clijsters PP, Meijerman DW,
Pannekoek H, et al. The light chain of factor VIII comprises a binding site for low
density lipoprotein receptor-related protein. J Biol Chem (1999) 274(34):23734-9.
doi: 10.1074/jbc.274.34.23734

28. Saenko EL, Yakhyaev AV, Mikhailenko I, Strickland DK, Sarafanov AG. Role of
the low density lipoprotein-related protein receptor in mediation of factor VIII
catabolism. ] Biol Chem (1999) 274(53):37685-92. doi: 10.1074/jbc.274.53.37685

29. Bovenschen N, Mertens K, Hu L, Havekes LM, van Vlijmen BJ. LDL receptor
cooperates with LDL receptor-related protein in regulating plasma levels of coagulation
factor VIII in vivo. Blood (2005) 106(3):906-12. doi: 10.1182/blood-2004-11-4230

30. Repesse Y, Dasgupta S, Navarrete AM, Delignat S, Kaveri SV, Lacroix-
Desmazes S. Mannose-sensitive receptors mediate the uptake of factor VIII
therapeutics by human dendritic cells. J Allergy Clin Immunol (2012) 129
(4):1172-3; author reply 4-5. doi: 10.1016/j.jaci.2012.01.048

31. Sarafanov AG, Ananyeva NM, Shima M, Saenko EL. Cell surface heparan
sulfate proteoglycans participate in factor VIII catabolism mediated by low density
lipoprotein receptor-related protein. J Biol Chem (2001) 276(15):11970-9. doi:
10.1074/jbc.M008046200

32. Steinitz KN, van Helden PM, Binder B, Wraith DC, Unterthurner S, Hermann C,
et al. CD4+ T-cell epitopes associated with antibody responses after intravenously and
subcutaneously applied human FVIII in humanized hemophilic E17 HLA-DRB1*1501
mice. Blood (2012) 119(17):4073-82. doi: 10.1182/blood-2011-08-374645

33. Reipert BM, Steinitz KN, van Helden PM, Unterthurner S, Schuster M,
Ahmad RU, et al. Opportunities and limitations of mouse models humanized for
HLA class II antigens. ] Thromb Haemostasis: JTH (2009) 7 Suppl 1:92-7. doi:
10.1111/§.1538-7836.2009.03403.x

34. Bi L, Lawler AM, Antonarakis SE, High KA, Gearhart JD, Kazazian HHJr.
Targeted disruption of the mouse factor VIII gene produces a model of
haemophilia a. Nat Genet (1995) 10(1):119-21. doi: 10.1038/ng0595-119

35. Hausl C, Ahmad RU, Schwarz HP, Muchitsch EM, Turecek PL, Dorner F,
et al. Preventing restimulation of memory b cells in hemophilia a: a potential new
strategy for the treatment of antibody-dependent immune disorders. Blood (2004)
104(1):115-22. doi: 10.1182/blood-2003-07-2456

36. Kruisbeek AM. Production of mouse T cell hybridomas. Curr Protoc
Immunol (2001). Chapter 3:Unit 3.14. doi: 10.1002/0471142735.im0314s24

37. Andreatta M, Karosiene E, Rasmussen M, Stryhn A, Buus S, Nielsen M.
Accurate pan-specific prediction of peptide-MHC class II binding affinity with
improved binding core identification. Immunogenetics (2015) 67(11-12):641-50.
doi: 10.1007/s00251-015-0873-y

38. Ay B, Streitz M, Boisguerin P, Schlosser A, Mahrenholz CC, Schuck SD,
et al. Sorting and pooling strategy: a novel tool to map a virus proteome for CD8 T-
cell epitopes. Biopolymers (2007) 88(1):64-75. doi: 10.1002/bip.20637

39. Pfistershammer K, Stockl J, Siekmann J, Turecek PL, Schwarz HP, Reipert
BM. Recombinant factor VIII and factor VIII-von willebrand factor complex do
not present danger signals for human dendritic cells. Thromb Haemostasis (2006)
96(3):309-16. doi: 10.1160/TH05-11-0729

40. Oldenburg J, Picard JK, Schwaab R, Brackmann HH, Tuddenham EG,
Simpson E. HLA genotype of patients with severe haemophilia a due to intron 22
inversion with and without inhibitors of factor VIII. Thromb Haemostasis (1997)
77(2):238-42. doi: 10.1055/5-0038-1655945

41. Hay CR, Ollier W, Pepper L, Cumming A, Keeney S, Goodeve AC, et al.
HLA class II profile: a weak determinant of factor VIII inhibitor development in

Frontiers in Immunology

16

10.3389/fimmu.2022.975680

severe haemophilia a. UKHCDO inhibitor working party. Thromb Haemostasis
(1997) 77(2):234-7. doi: 10.1055/5-0038-1655944

42. Pavlova A, Delev D, Lacroix-Desmazes S, Schwaab R, Mende M, Fimmers R,
et al. Impact of polymorphisms of the major histocompatibility complex class II,
interleukin-10, tumor necrosis factor-alpha and cytotoxic T-lymphocyte antigen-4
genes on inhibitor development in severe hemophilia a. ] Thromb Haemostasis:
JTH (2009) 7(12):2006-15. doi: 10.1111/j.1538-7836.2009.03636.x

43. van Haren SD, Wroblewska A, Herczenik E, Kaijen PH, Ruminska A, ten
Brinke A, et al. Limited promiscuity of HLA-DRBI1 presented peptides derived of
blood coagulation factor VIII. PloS One (2013) 8(11):e80239. doi: 10.1371/
journal.pone.0080239

44. Oldenburg J, Lacroix-Desmazes S, Lillicrap D. Alloantibodies to therapeutic
factor VIII in hemophilia a: the role of von willebrand factor in regulating factor
VIII immunogenicity. Haematologica (2015) 100(2):149-56. doi: 10.3324/
haematol.2014.112821

45. Bovenschen N, van Stempvoort G, Voorberg J, Mertens K, Meijer AB.
Proteolytic cleavage of factor VIII heavy chain is required to expose the binding-site
for low-density lipoprotein receptor-related protein within the A2 domain. J
Thromb Haemostasis: JTH (2006) 4(7):1487-93. doi: 10.1111/j.1538-
7836.2006.01965.x

46. Schwarz HP, Lenting PJ, Binder B, Mihaly J, Denis C, Dorner F, et al.
Involvement of low-density lipoprotein receptor-related protein (LRP) in the
clearance of factor VIII in von willebrand factor-deficient mice. Blood (2000) 95
(5):1703-8. doi: 10.1182/blood.V95.5.1703.005k20_1703_1708

47. Cunningham N, Laffan MA, Manning RA, O’Donnell JS. Low-density
lipoprotein receptor-related protein polymorphisms in patients with elevated
factor VIII coagulant activity and venous thrombosis. Blood Coagulation
Fibrinolysis (2005) 16(7):465-8. doi: 10.1097/01.mbc.0000178831.45049.aa

48. Lakadamyali M, Rust MJ, Zhuang X. Ligands for clathrin-mediated
endocytosis are differentially sorted into distinct populations of early endosomes.
Cell (2006) 124(5):997-1009. doi: 10.1016/j.cell.2005.12.038

49. Bomsel M, Prydz K, Parton RG, Gruenberg ], Simons K. Endocytosis in
filter-grown madin-Darby canine kidney cells. ] Cell Biol (1989) 109(6 Pt 2):3243—
58. doi: 10.1083/jcb.109.6.3243

50. Hughson EJ, Hopkins CR. Endocytic pathways in polarized caco-2 cells:
identification of an endosomal compartment accessible from both apical and
basolateral surfaces. J Cell Biol (1990) 110(2):337-48. doi: 10.1083/jcb.110.2.337

51. Parton RG, Schrotz P, Bucci C, Gruenberg J. Plasticity of early endosomes. J
Cell Sci (1992) 103(Pt 2):335-48. doi: 10.1242/jcs.103.2.335

52. Mundigl O, Matteoli M, Daniell L, Thomas-Reetz A, Metcalf A, Jahn R, et al.
Synaptic vesicle proteins and early endosomes in cultured hippocampal neurons:
differential effects of brefeldin a in axon and dendrites. J Cell Biol (1993) 122
(6):1207-21. doi: 10.1083/jcb.122.6.1207

53. Wei ML, Bonzelius F, Scully RM, Kelly RB, Herman GA. GLUT4 and
transferrin receptor are differentially sorted along the endocytic pathway in CHO
cells. J Cell Biol (1998) 140(3):565-75. doi: 10.1083/jcb.140.3.565

54. Burgdorf S, Kautz A, Bohnert V, Knolle PA, Kurts C. Distinct pathways of
antigen uptake and intracellular routing in CD4 and CD8 T cell activation. Science
(2007) 316(5824):612-6. doi: 10.1126/science.1137971

55. Lafeber FP, Miossec P, Valentino LA. Physiopathology of haemophilic
arthropathy. Haemophilia (2008) 14 Suppl 4:3-9. dok: 10.1111/j.1365-2516.2008.01732.x

56. Fiebiger E, Meraner P, Weber E, Fang IF, Stingl G, Ploegh H, et al. Cytokines
regulate proteolysis in major histocompatibility complex class II-dependent
antigen presentation by dendritic cells. J] Exp Med (2001) 193(8):881-92. doi:
10.1084/jem.193.8.881

frontiersin.org


https://doi.org/10.3324/haematol.11535
https://doi.org/10.1074/jbc.274.34.23734
https://doi.org/10.1074/jbc.274.53.37685
https://doi.org/10.1182/blood-2004-11-4230
https://doi.org/10.1016/j.jaci.2012.01.048
https://doi.org/10.1074/jbc.M008046200
https://doi.org/10.1182/blood-2011-08-374645
https://doi.org/10.1111/j.1538-7836.2009.03403.x
https://doi.org/10.1038/ng0595-119
https://doi.org/10.1182/blood-2003-07-2456
https://doi.org/10.1002/0471142735.im0314s24
https://doi.org/10.1007/s00251-015-0873-y
https://doi.org/10.1002/bip.20637
https://doi.org/10.1160/TH05-11-0729
https://doi.org/10.1055/s-0038-1655945
https://doi.org/10.1055/s-0038-1655944
https://doi.org/10.1111/j.1538-7836.2009.03636.x
https://doi.org/10.1371/journal.pone.0080239
https://doi.org/10.1371/journal.pone.0080239
https://doi.org/10.3324/haematol.2014.112821
https://doi.org/10.3324/haematol.2014.112821
https://doi.org/10.1111/j.1538-7836.2006.01965.x
https://doi.org/10.1111/j.1538-7836.2006.01965.x
https://doi.org/10.1182/blood.V95.5.1703.005k20_1703_1708
https://doi.org/10.1097/01.mbc.0000178831.45049.aa
https://doi.org/10.1016/j.cell.2005.12.038
https://doi.org/10.1083/jcb.109.6.3243
https://doi.org/10.1083/jcb.110.2.337
https://doi.org/10.1242/jcs.103.2.335
https://doi.org/10.1083/jcb.122.6.1207
https://doi.org/10.1083/jcb.140.3.565
https://doi.org/10.1126/science.1137971
https://doi.org/10.1111/j.1365-2516.2008.01732.x
https://doi.org/10.1084/jem.193.8.881
https://doi.org/10.3389/fimmu.2022.975680
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Modulating the microenvironment during FVIII uptake influences the nature of FVIII-peptides presented by antigen-presenting cells
	Introduction
	Methods
	Humanized E17 HLA-DRB1*1501 mice
	Treatment of mice with recombinant human FVIII
	Generation of FVIII-specific T cell hybridoma clones
	Screening for FVIII-specific hybridoma clones
	Assessment of FVIII peptide specificity of FVIII-specific hybridoma clones
	Preparation of different APC populations from mouse spleens
	Whole splenocytes
	Splenic CD19+ B cells
	Splenic CD11b+ monocyte/macrophages
	Splenic CD11c high MHC class II+ dendritic cells

	Generation of thrombin-activated FVIII
	Monitoring alterations in FVIII antigen processing using the FVIII specific CD4+ T cell hybridoma library
	Statistical analysis

	Results
	Expansion of the FVIII-specific CD4+ T cell hybridoma library utilizing humanized E17 HLA-DRB1*1501 mice
	VWF has distinct effects on the presentation of some but not all FVIII peptides investigated
	Thrombin activation of FVIII alters the FVIII peptide pattern presented by APCs
	Blocking specific receptors on APCs modifies the FVIII peptide repertoire presented on MHC class II, analyzed by the subsequent activation of FVIII-specific CD4+ T cell hybridoma clones

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


