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HLA-DR-presented Peptide Repertoires
Derived From Human Monocyte-derived
Dendritic Cells Pulsed With Blood Coagulation
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Activation of T-helper cells is dependent upon the appro-
priate presentation of antigen-derived peptides on MHC
class Il molecules expressed on antigen presenting cells.
In the current study we explored the repertoire of peptides
presented on MHC class Il molecules on human monocyte
derived dendritic cells (moDCs) from four HLA-typed
healthy donors. MHC class ll-bound peptides could be
routinely recovered from small cultures containing 5 x 10°
cells. A fraction of the identified peptides were derived
from proteins localized in the plasma membrane, endo-
somes, and lysosomes, but the majority of peptides that
were presented on MHC class Il originate from other or-
ganelles. Subsequently, we studied the antigen-specific
peptide repertoire after endocytosis of a soluble antigen.
Blood coagulation factor VIII (FVIIl) was chosen as the
antigen since our current knowledge on MHC class I
presented peptides derived from this immunogenic ther-
apeutic protein is limited. Analysis of the total repertoire
of MHC class ll-associated peptides revealed that per
individual sample 20-50 FVllI-derived peptides were pre-
sented on FVIlI-pulsed moDCs. Repertoires of FVIlI-de-
rived peptides eluted from moDCs derived from a panel of
four HLA typed donors revealed that some MHC class
ll-presented FVIIl peptides were presented by multiple
donors, whereas the presentation of other FVIII peptides
was donor-specific. In total 32 different core peptides
were presented on FVIlI-pulsed moDCs from four HLA-
typed donors. Together our findings provide an unbiased
approach to identify peptides that are presented by MHC
class Il on antigen-loaded moDCs from individual
donors. Molecular & Cellular Proteomics 10: 10.1074/
mcp.M110.002246, 1-12, 2011.
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Antigen presenting cells (APCs)" continuously process en-
dogenous and exogenous antigens into small peptides that
are loaded on MHC class | or MHC class Il molecules for
presentation to T lymphocytes (1). Classically, endogenous
antigens are presented on MHC class | molecules for pres-
entation to CD8" T cells whereas peptides derived from ex-
ogenous, internalized antigens are loaded on MHC class Il
molecules and activate CD4 positive T cells. Over the last
decade this concept has been successfully challenged. Firm
proof has been obtained for the presentation of exogenous
antigens on MHC class | molecules for cross-priming of CD8*
T cells (2). Similarly, inspection of the repertoire of naturally
occurring peptides presented on MHC class Il molecules
revealed that the majority of the presented peptides are in fact
derived from endogenous proteins (3, 4). Not surprisingly, a
large proportion of naturally presented peptides are derived
from proteins that reside in endosomes or lysosomes (3, 4).
Recent studies suggest that resident proteins of nonendo-
cytic compartments, such as mitochondria or the nucleus,
can also be presented on MHC class |l molecules by sampling
of intracellular compartments through autophagy (5-8). Cur-
rent efforts to probe the repertoire of antigen-derived naturally
presented peptides are limited by the number of cells needed
to obtain substantial amounts of MHC class Il bound peptide.
Until now the repertoire of naturally presented peptides has
been mainly explored using panels of well-characterized im-
mortalized B cells. Typically, around 5 X 10° cells are used for
sample preparation (9—-11). More recently, MHC class Il-pre-
sented peptides have been successfully isolated from tissue
specimens of patients with multiple sclerosis (12). An elegant
study by Wahlstrom and coworkers used human bronchial
lavage cells from a pool of patients with sarcoidosis to obtain
information on antigenic peptides involved in the pathogene-
sis of this disease (13). Further advances in MHC peptide
identification and quantification by mass spectrometry have
already led to the identification of large numbers of MHC class

" The abbreviations used are: moDC, monocyte-derived dendritic
cell; APC, antigen-presenting cell; FVIII, factor VIII; PBMC, peripheral
blood mononuclear cell; PBS, phosphate-buffered saline.
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| peptides from more limiting amounts of cells (14) and has
allowed for functional analysis regarding the role of the im-
munoproteasome in the generation of MHC class | peptides
(15).

The aim of this study was to investigate whether a signifi-
cant amount of MHC class IlI-presented peptides can be
eluted from small cultures of human monocyte-derived den-
dritic cells (moDCs). MoDCs are professional APCs that ex-
press high levels of MHC class Il that becomes surface-
exposed following their maturation (16). Our results indicate
that several hundred MHC class ll-bound peptides can rou-
tinely be eluted from samples containing as few as 5 x 10°
moDCs. This allows for the analysis of MHC class Il presented
peptides from a 50-ml blood draw from individual donors. We
subsequently investigated whether pulsing of moDCs with an
antigen resulted in the presentation of antigen-derived pep-
tides on MHC class Il. Blood coagulation factor VIII (FVIIl) was
used as a model antigen for this study. Therapeutic adminis-
tration of FVIII is used to correct the bleeding tendency of
hemophilia A patients who lack functional FVIIl (17). Up to
25% of patients with hemophilia A develop high affinity anti-
bodies in response to infusion of FVIII, which are also referred
to as “inhibitors” (18). FVIII inhibitors are mostly high-affinity
IgG antibodies, which are the result of FVIll-specific T-cell
activation by professional APCs, followed by T-cell depend-
ent antibody class-switching and affinity maturation (19). At
present our knowledge on the repertoire of naturally pre-
sented FVIII derived peptides is limited. Here we show that
per individual donor between 20 and 50 partially overlapping
FVIIl-specific peptides could be recovered from moDCs, cor-
responding to 8-17 different potential CD4™ T-cell epitopes.
These findings suggest that small numbers of moDCs can be
used to probe the repertoire of presented peptides of poten-
tially immunogenic antigens such as FVIII.

EXPERIMENTAL PROCEDURES

Subjects—Blood was drawn from HLA-typed healthy volunteers in
accordance with Dutch regulations and following approval from San-
quin Ethical Advisory Board in accordance with the Declaration of
Helsinki. Peripheral blood mononuclear cells were isolated from
freshly drawn, EDTA anticoagulated blood by separation over a Ficoll-
Paque PLUS gradient (d = 1.077, GE Healthcare, Uppsala, Sweden).

Reagents—In this study, the following reagents were used: Recom-
binant human FVIII (Advate) was kindly provided by Dr. B.M. Reipert
(Baxter Healthcare Corporation, Vienna, Austria), CD14 microbeads
(MACS, Miltenyi Biotech Bergisch Gladbach, Germany), anti-CD80-
FITC, anti-CD83-APC, anti-CD86-APC (BD Biosciences, San Jose,
CA) and anti-CD14-PE (Sanquin Reagents, Amsterdam, the Nether-
lands). Cellgro DC serum-free medium, IL-4, and GM-CSF were ob-
tained from CellGenix (Freiburg, Germany). LPS was obtained from
Sigma-Aldrich (St. Louis, MO). Hybridoma L243 (anti-HLA-DR) was
obtained from ATCC (Wesel, Germany).

MoDC Preparation and Factor VIl Endocytosis—Monocytes were
isolated from the peripheral blood mononuclear cell fraction by pos-
itive selection using CD14 microbeads and a magnetic cell separator
(MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of
the monocytes isolated was determined by flow cytometry analysis

(20). Monocytes were cultured at a concentration of 0.66 x 10°
cells/mlin a 6-well plate (Nunc, Roskilde Denmark) in Cellgro medium
supplemented with GM-CSF (1000 IU/ml) and IL-4 (800 IU/ml) for 5
days (20). After 5 days of culture, the immature moDCs were washed
and replated in Cellgro medium supplemented with GM-CSF and IL-4
at a concentration of 2.5 X 10° cells/ml in a final volume of 2 ml. Cell
were incubated with 100 nm FVIII for 5 h before induction of matura-
tion. After 5 h, the immature moDCs were maturated using 1 pg/ml
LPS for 24 h in the presence of 1% human serum. The adherent
maturated moDCs were detached by 5 min incubation with phos-
phate buffered saline (PBS) containing 0.25% trisodiumcitrate and
washed before analysis.

Flow Cytometric Analysis of Cell-surface Phenotype—For deter-
mining the phenotype of moDCs, immature moDCs or mature moDCs
were washed with PBS containing 0.5% bovine serum albumin (PBS/
0.5% BSA) and incubated with 50 ul of 1 wg/ml mAb or appropriate
isotype controls diluted in PBS/0.5% BSA with 3 mg/ml human
gamma globulin for 30 min at 4 °C. Cells were washed twice and
resuspended in PBS/0.5% BSA. 4',6-diamidino-2-phenylindole was
added to the cells before analysis to assess cell viability and exclude
dead cells from analysis. Cells were analyzed on an LSRIl flow cy-
tometer (Beckton Dickinson, San Jose, CA) and analyzed with Flowjo
software version 7.5.5 (Tree Star, Inc, Ashland, OR).

Purification of HLA-DR Presented Peptides on moDCs—HLA-DR
molecules were purified from FVIll-treated, maturated moDCs or PBS
treated control moDCs essentially as described previously (9). Briefly,
moDC pellets were resuspended in 50 mm Tris pH 7.0 containing 4%
Igepal CA-630 (Sigma). The membrane fraction was solubilized by
end-over-end incubation at 4 °C for 30 min. HLA-DR was purified
from the detergent-soluble fraction by immuno-affinity chromatogra-
phy using antibody L243-coupled to CNBr Sepharose 4B (Amersham
Biosciences, Buckinghamshire, UK) in the presence of protease in-
hibitors (Complete Protease Inhibitor Mixture Tablet, 1 tablet per 50
ml buffer, Roche Diagnostics GmbH, Mannheim, Germany) overnight
at 4 °C. After washing the Sepharose 5 times with 50 mm Tris-HCI pH
7.0, peptides were eluted from HLA-DR by incubation with 10%
acetic acid for 15 min at 70 °C. Eluted peptides were purified from the
acetic acid eluate using a C18 ziptip (Millipore, Billerica, MA). In
parallel experiments, cell lysates were incubated with isotype control
antibody-coupled Sepharose (clone CLB-T4/1, mouse IgG2a, San-
quin Reagents, Amsterdam, The Netherlands).

Analysis of Peptides by Mass Spectrometry—Eluted peptides were
separated using a reversed-phase C18 column (50 um X 20 cm, 5 um
particles) (Nanoseparations, Nieuwkoop, The Netherlands), at a flow-
rate of 100 nl/min with a 1 h gradient from 0% to 35% (v/v) acetonitrile
with 0.1% HAc. Eluted peptides were sprayed directly into the LTQ
Orbitrap XL mass spectrometer (Thermo Fisher Scientific Inc, Bre-
men, Germany) using a nanoelectrospray source with a spray voltage
of 1.9 kV. The LTQ was operated in a data-dependent mode by
performing collision induced dissociation in the ion-trap (35% nor-
malized collision energy) for the five most intensive precursor ions
selected from each full scan in the Orbitrap (300—2000 m/z, resolving
power 30.000). An isolation width of 2 Da was used for the selected
ions (charge =2) and an activation time of 30 ms. Dynamic exclusion
was activated for the MS/MS scan with a repeat count of 1 and
exclusion duration of 30 s. To obtain a high mass accuracy, the LTQ
Orbitrap was calibrated on a monthly basis using a calibration solu-
tion consisting of caffeine, MRFA, and Ultramark 1621 as recom-
mended by the manufacturer.

Peptide Identification—Peptides were identified using a Sequest
search algorithm against UniprotKB nonredundant protein database
25.H_sapiens.fasta (53,784 nonredundant entries actually searched),
using Proteome Discoverer release version 1.1 software (Thermo
Scientific, Bremen, Germany) (21). Identification of peptides was per-
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formed using the following filter settings. During the Sequest search,
we allowed a mass deviation of 20 ppm. In general mass deviations
were below 3 ppm. Fragment mass tolerance was 0.8 Da. All peptides
with a charge state of 2 have a minimal XCorr score of 2.0. For
peptides with charge state 3, the minimal XCorr score is 2.25. For
charge state 4, 2.5; charge state 5, 2.75; charge state 6, 3.0; charge
state 7, 3.2, and charge state >7, 3.4. All peptides not complying to
these criteria were excluded. Annotated spectra of individual peptides
described in this manuscript are provided in the supplemen-
tary information on pages 5-126.

Validation of MHC Class Il Bound Peptides by Differential Expres-
sion Analysis—MoDCs were prepared from donor A as described
previously. Duplicate endocytosis experiments were conducted on
2 % 10° cells, instead of 5 X 10° cells. Cells were incubated with
either 100 nm FVIII or with PBS as a control. Immune precipitations
were performed as described previously, using either L234-coupled
Sepharose (anti-MHC class Il) or Sepharose coupled with an isotype
control antibody. Each sample was analyzed separately by mass
spectrometry. SIEVE™ release version 1.2.0 software (Thermo Sci-
entific, Bremen, Germany) was used to compare the duplicate exper-
iments and subsequently analyze differences in peptide abundance
between the different conditions. All frames were analyzed with re-
tention time between 20 and 50 min and m/z between 300 and 2000.
Peak intensity threshold was set at 100,000. For peptide identifica-
tion, the same sequest criteria were used as described previously.

RESULTS

Quantitative Analysis of MHC Class IlI-Bound Peptides—To
study the peptide repertoire presented on MHC class Il, we
used moDCs from HLA-typed healthy donors. Immature
moDCs were analyzed for the presence of CD14, CD80, CD83,
CD86, and MHC class Il on the surface (Fig. 1A). Immature
moDCs were defined as CD14 negative and were also checked
for the absence of maturation markers CD80, CD83, and CD86.
MHC class Il was present on immature moDCs. Cells that were
maturated with LPS were positive for maturation markers and
showed an increased surface expression of MHC class Il (Fig.
1B). FVIII is endocytosed by moDCs, leading to activation of
FVIll-specific CD4™ T cells (22). We confirm that FVIII is effi-
ciently taken up by immature moDCs (Fig. 1C).

For the analysis of MHC class Il-bound peptides, HLA-DR
molecules were purified from cell lysates of mature moDCs
using anti-HLA-DR antibody L243-Sepharose. HLA-DR-bound
peptides were subsequently obtained as described in the
Experimental procedures. The sequence of the eluted
HLA-DR ligands was determined by liquid chromatography
(LC)-MS.

To determine to what extent our method generates specific
MHC class ll-bound peptides, immunoprecipitations were
performed on FVIlI-treated moDC samples from donor A
(DRB1*0101 and DRB1*1301), using L243-Sepharose, which
were compared with control immunoprecipitations, using an
isotype control antibody coupled to Sepharose. The relative
abundance of peptides between these experiments was com-
pared using SIEVE 1.2. differential analysis software. Fig. 2A
clearly shows that the majority of peptides have a ratio iso-
type:L243 higher than 1, meaning that these peptides are
more abundantly present when samples are immunoprecipi-

tated with L243-Sepharose as compared with the samples in
which isotype-Sepharose was used. Peptides were regarded
as specific MHC class Il ligands when the ratio was above 5.
Using this stringent threshold, many peptides are regarded as
nonspecific. All FVIII peptides, however, with the exception of
one peptide, are specific MHC class Il ligands (Figs. 2A and
2B). Absolute identification of peptides present in samples
immunoprecipitated with the control-Sepharose does, how-
ever, identify additional FVIIl peptides. These peptides are all
derived from the same region in FVIIl. This set of nonspecific
Sepharose-binding peptides is reproducible for all donors
tested (data not shown). The fact that even these peptides
may be enriched in samples immunoprecipitated with L243
could mean that, in addition to their background binding to
control-Sepharose, they also contain an MHC class II-binding
motif. This is also shown in Fig. 2A, where a FVIII peptide,
containing the same sequence as the one identified as non-
specific, has a ratio of 7.482. Peptides with this sequence
were excluded from all subsequent analyses. To further illus-
trate that peptides in Fig. 2A with a ratio larger than 5 are in
fact true MHC class llI-associated peptides, the Propred pre-
diction algorithm was used to compare the predicted binding
properties of all peptides with a ratio larger than 5 with pep-
tides that have a ratio less than 5 (23). supplemental Fig. 1
shows that peptides with a ratio larger than 5 are predicted to
bind significantly better to both MHC class Il alleles of donor
A (DRB1*0101 and DRB1*1301) than peptides with a ratio
below 5.

Differential expression analysis of PBS-treated moDCs ver-
sus FVIllI-treated moDCs, using SIEVE 1.2 software, revealed
that all FVIII peptides were identified as specific for the FVIII-
treated cells as seen in Figs. 3A and 3B. This validates the
correct identification of FVIII peptides. Peak intensities from
individual FVIII peptides obtained for duplicate samples of
PBS- and FVIlI-treated moDCs revealed that FVIIl peptides
are markedly less present in samples derived from PBS-
treated moDCs (Fig. 3B).

Analysis of MHC Class IlI-Presented Peptides—Fig. 2A
clearly shows that most peptides that are presented on MHC
class Il are not derived from FVIII. We therefore analyzed
which other proteins are presented as well. All peptides in Fig.
2A with a ratio larger than 5 were subsequently identified
using Sequest and annotated based on subcellular localiza-
tion (Fig. 4A) and function (Fig. 4B), using the online functional
annotation tool DAVID v6.7 (http://david.abcc.ncifcrf.gov)(24,
25). Many peptides presented on HLA-DR are derived from
proteins that reside in compartments, which are part of the
MHC class ll-presentation pathway, such as plasma mem-
brane, cytosol, and lysosomes. However, proteins from other
cellular compartments, such as the nucleus (12%), and se-
creted vesicles (14%) are also presented. Many of the endog-
enously presented peptides are derived from proteins that are
functionally involved in intracellular transport (19%), immune
response (12%) and stress response (14%) (Fig. 4B).
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Fig. 1. Cell surface markers of immature and mature moDCs. Cells were analyzed at the immature (A) and mature (B) state for the

presence of cell surface markers CD80, CD83, CD86, and MHC class Il. Gray histograms indicate isotype controls. A representative culture
is depicted. C, Endocytosis and presentation of FVIII by moDCs. Histogram shows the fluorescence intensity for a FITC-labeled anti FVIII
antibody (CLB-CAg-117). Binding of CLB-CAg-117-FITC to untreated cells is shown in gray. Cells stained in the absence of saponin show the
membrane binding of FVIII (dotted curve). Increase of fluorescence in cells stained in the presence of saponin indicates that endocytosis of FVIII
has taken place. A representative graph of one of the four donors is depicted.

Analysis of MHC Class II-Presented FVIIl Peptides—In the
previous paragraph we have established that limited numbers
of moDCs suffice to detect a significant part of the repertoire
of peptides presented on HLA-DR after endocytosis of FVIII.
We used moDCs derived from four different donors to further
study the repertoire of naturally presented FVIII peptides. All
FVIII-derived peptides identified comply with the XCorr scores
described in the Experimental procedures. In addition, FVIII
peptides were excluded when they were identified as aspe-
cific binders according to the method described in Fig. 2A.

FVIIl peptides could be divided into sets of peptides with
overlapping sequences that were comprised of differently
processed variants of the same core peptide sequence. The
occurrence of these sets of peptides is likely caused by the
trimming of MHC-bound peptides by endo- and exopepti-
dases whereas the core peptide sequence that binds to the
groove is protected from proteolytic degradation (1). To illus-
trate this, Fig. 5 shows the complete list of FVIII peptides from
donor A. Two different MHC prediction algorithms, Propred
and NetMHClIpan, were chosen for comparison, with respect
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to binding to MHC class Il alleles DRB1*0101 and DRB1*1301
(23, 26).

To determine the reproducibility of our findings, duplicate
experiments were performed using moDCs obtained from
donor B from two different blood draws, with a time period of
2 months in between the different blood draws. The duplicate
experiments yielded similar sets of FVIII derived peptides (Fig.
6). All the core peptide sequences of which three or more
variants are found could be identified in both experiments. In
total 10 different core sequences were found in the first ex-
periment and 11 in the second experiment. These sequences
were also included in peptides that are only present once or
twice. No more than two core sequences could be found in
the first experiment only and three sequences were unique for
the second experiment. All these were core sequences of

which only one or two variants were found. All other core
sequences were found both in the first and in the second
experiment.

Overall, between 930 (donor A) and 270 (donor D) MHC
class ll-associated peptides could be identified; 702 and 882
peptides were identified for donor B and C, respectively.
Thirty-two unique core FVIII peptide sequences could be re-
covered from all donors together. These sequences are dis-
tributed through all the domains of the FVIIl molecule. The
total amount of FVIII core peptide sequences was 17 for
donor A, 10 for donor B, 9 for donor C and 8 for donor D (Fig.
7). One core sequence was presented on moDCs derived
from all four donors. Two core peptides were common in
three out of four donors and five core peptides were common
between two out of four donors. All other core peptides were
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Fic. 4. Subcellular and functional and categorization of source proteins. All proteins of which peptides with a ratio =5 were identified
in Fig. 2A (specific MHC class Il-bound peptides) were annotated based on subcellular localization or function using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) Bioinformatics Resource. A, A pie chart shows the percentages of proteins found
presented on MHC class Il according to their subcellular localization. B, A pie chart shows the functional association of these proteins.

donor-specific. The complete list of FVIlI-derived peptides
from donor A and B, listed in Fig. 5 and Fig. 6, respectively,
also depict the binding score of each peptide for both DRB1
alleles as calculated using the Propred MHC class Il predic-
tion server (23) and NetMHCpan (26).

DISCUSSION

In this study we report the analysis of MHC class Il-presented
peptides on moDCs. Previous reports of MHC class Il-pre-
sented peptides were performed on cell lines such as B-cell
lymphomas, or on tissue-derived material (5, 12). Although most
of these studies used 10° cells for sample preparation, we
performed our experiments with 5 X 10° moDCs per incubation.
Our findings show that naturally presented MHC class Il pep-
tides can be successfully obtained from antigen pulsed DC
derived of 50 ml of blood. To ensure specificity and reproduc-
ibility we performed control experiments, in which moDC cell
lysates were incubated with Sepharose coupled with an isotype
control antibody. Indeed, many peptides were found present in
the anti-MHC class Il immunoprecipitation as well as in the
control situation, as seen in Fig. 2A. We regarded a peptide as
a true MHC class Il-presented peptide when it was five times
more abundant in the MHC class Il samples as compared with
control samples. Using this threshold, almost all FVIII peptides

were MHC class ll-presented peptides. FVIII peptides that did
not fit these criteria were also positively identified in control
samples using Sequest peptide identification software. These
were excluded from our analysis.

As the data in Figs. 2A and 3A clearly indicate, immuno-
precipitation of MHC class Il-bound peptides from moDC cell
shows that many endogenous proteins are presented on
MHC class Il. Fig. 3A shows that many peptides are presented
even when cells were incubated with PBS. Fig. 2A shows that
51% of all peptides identified were specific for MHC class II.
Most of these peptides are derived from endogenous pro-
teins, and not FVIIl. Not only proteins that reside in or are
targeted to the endosomal and lysosomal pathway are pre-
sented on MHC class Il, but also proteins from other organ-
elles, such as the nucleus, and cytosol are presented. Sam-
pling of intracellular compartments, called autophagy, is a
constant process responsible for the lysosomal degradation
of intracellular proteins, which can subsequently be presented
on MHC class Il (8). Professional APCs, such as moDCs used
in this study, can enhance the formation of autophagosomes
upon triggering of pattern-recognition receptors, such as toll-
like receptor 4 (TLR4) and NOD2 (27-29). LPS-induced trig-
gering of TLR4 during maturation of moDCs is likely to pro-
mote autophagy under our experimental conditions. Another

Fic. 3. Identification and relative quantification of MHC class llI-bound FVIII peptides. A, Volcano plot representation showing
reproducibly detected peptide ions across duplicate analyses. MoDCs from donor A (DRB1*0101, 1301) were used. Cells were treated with
either 100 nm FVIII or with PBS. All samples were immunoprecipitated using an anti-MHC class Il antibody. Experiments were performed in
duplicate. SIEVE was used to compare intensities of individual peptides obtained from FVIII and PBS treated cells. Only peptides that were
derived from MS2 spectra are depicted. Peptides identified as FVIII-derived peptides are indicated in red. B, Peak intensities of all identified
FVIIl peptides are shown for experimental and control samples. It should be noted that the sets of FVIII peptides that were identified in the
analysis presented in Fig. 3B when compared with Fig. 2B are not completely identical. The reason for the observed differences between Fig.
2B and 3B is that these particular peptides were filtered out by the algorithms employed by SIEVE during the comparison, due to local spectral
differences. Manual analysis of the raw data files revealed that all peptides depicted in Fig. 2B and 3B were indeed present in the duplicate
samples prepared from FVllI-treated cells using L243 (MHC class Il specific) Sepharose.
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FVIIl peptide Charge | Xcorr | RT (min) | m/z (Da) ?M (ppm) Propred (DRB1*0101/*1301) (max=1) NetMHClIpan (DRB1*0101/*1301) (affinity nM)
0107-0136 (A1)| KASEGAEYDDQTSQREKEDDKVFPGGSHTY 5 347 | 2914 675,706 -1.80 - /0.011VFPGGSHTY 3124.05 VFPGGSHTY / 17365.72 VFPGGSHTY
0242-0256 (A1) LPGLIGCHRKSVYWH 4 153 | 33.77 442,238 -2.03 /0.3860 LIGCHRKSVY 371.18 LIGCHRKSV / 14589.46 LIGCHRKSV
0242-0258 (A1) LPGLIGCHRKSVYWHVI 3 270 | 3785 660,032 219
0242-0259 (A1) LPGLIGCHRKSVYWHVIG 4 1.87 37.46 509,531 -2.43
0245-0258 (A1) LIGCHRKSVYWHVI 3 1.56 33.94 570,979 -2.25
0288-0301 (A1) ISPITFLTAQTLLM 2 2.62 56.65 774,939 -0.24 0.2333 ITFLTAQTL/ 0.2614 FLTAQTLLM 13.35 FLTAQTLLM/ 2430.27 ITFLTAQTL
0288-0304 (A1) ISPITFLTAQTLLMDLG 2 2.81 56.71 917,505 0.56
0457-0474 (A2) VGDTLLIIFKNQASRPYN 3 3.41 44.93 683,709 0.12 0.080 LIIFKNQAS /0.3977 LIIFKNQAS 22.38 FKNQASRPY / 178.47 LIFKNQAS
0459-0473 (A2) DTLLIIFKNQASRPY 3 1.68 45.04 593,666 227

1098-1112 (B) KMLFLPESARWIQRT 3 1.80 | 40.23 626,012 2.5 0.2817 FLPESARWI/ 0.1136 FLPESARWI 13.04 FLPESARWI / 14548.48 LFLPESARW
1122-1140 (B) GPSPKQLVSLGPEKSVEG 3 254 | 3433 603,662 218 0.1833 LVSLGPEKS / 0.3750 LVSLGPEKS 16.34 LVSLGPEKS / 9797.54 LVSLGPEKS
1205-1222 (B) IQENVVLPQIHTVTGTKN 4 1.90 33.12 498,520 -16.26 /0.3295 VVLPQIHTV 89.21 IHTVTGTKN / 4626.90 LPQIHTVTG
1489-1503 (B) SGKVELLPKVHIYQK 4 221 | 3237 435,510 -1.88 0.0667 VELLPKVHI / 0.3750 VELLPKVHI 101.93 VELLPKVHI/ 769.65 VELLPKVHI
1594-1608 (B) KKDTILSLNACESNH 3 3.08 | 32.25 558,281 1.89 0.1333 TILSLNACES / 0.3068 TILSLNACES 57.98 ILSLNACES / 16751.17 TILSLNACE
1594-1609 (B) KKDTILSLNACESNHA 4 239 | 3217 436,722 214

1594-1610 (B) KKDTILSLNACESNHAI 4 2.02 | 3518 464,993 245

1767-1783 (A3) VEDNIMVTFRNQASRPY 3 2.82 | 39.97 680,669 178 0.2317 FRNQASRPY / 0.4205 FRNQASRPY 26.07 MVTFRNQAS/ 1893.23 MVTFRNQAS
1767-1784 (A3) VEDNIMVTFRNQASRPYS 3 2.49 39.42 709,680 -1.96

1768-1783 (A3) EDNIMVTFRNQASRPY 3 239 | 3974 647,646 228

1769-1783 (A3) DNIMVTFRNQASRPY 3 2.46 39.52 604,633 0.25

1801-1818 (A3) EPRKNFVKPNETKTYFWK 5 1.56 3117 463,248 2255 - /0.2955 VKPNETKTY 43.45 FVKPNETKT/ 5833.05 VKPNETKTY
1989-2009 (A3) LPSKAGIWRVECLIGEHLHAG 4 2.53 43.68 572,308 3.10 - /0.1250 LIGEHLHAG

1993-2008 (A3) AGIWRVECLIGEHLHA 3 3.73 | 4401 601,982 0.09

1994-2008 (A3) GIWRVECLIGEHLHA 4 133 | 4359 433,979 076

1994-2009 (A3) GIWRVECLIGEHLHAG 4 1.80 43.11 448,234 1.68

1995-2008 (A3) IWRVECLIGEHLHA 4 313 | 4251 419,723 1.96

1995-2009 (A3) IWRVECLIGEHLHAG 4 2.91 41,99 433,978 1.81

2097-2112 (C1) YISQFIIMYSLDGKKW 3 2.04 | 4889 664,683 1.56 0.3833 FIIMYSLDG / 0.3523 FIIMYSLDG 5.76 FIIMYSLDG/ 2329.60 FIIMYSLDG
2098-2111 (C1) ISQFIIMYSLDGKK 3 3.32 42,92 548,300 .74

2098-2112 (C1) ISQFIIMYSLDGKKW 2 2.83 46.24 914,985 1.65

2145-2159 (C1) JARYIRLHPTHYSIR 5 1.86 29.12 380,020 -1.58 0.2817 YIRLHPTHY / 0.7841 IRLHPTHYS 17.48 YIRLHPTHY / 1959.92 YIRLHPTHY
2190-2207 (C2) ITASSYETNMFATWSPSK 2 3.75 | 5172 1.019,987 4.48 0.1817 FTNMFATWS/ 0.0568 FTNMFATWS 13.17 FINMFATWS/ 16184.61 ASSYFTNMF
2192-2207 (C2) ASSYFTNMFATWSPSK 2 2.67 48.38 912,915 214

2204-2222 (C2) SPSKARLHLQGRSNAWRPQ 5 2.86 26.38 438,640 321 - /0.2841 LHLQGRSNA 275.89 LHLOGRSNA/ 3447.67 LHLQGRSNA
2204-2223 (C2) SPSKARLHLQGRSNAWRPQV 5 162 | 2869 458,455 219

2308-2321 (C2) THPQSWVHQIALRM 4 2.47 39.80 429,734 -2.01 0.4633 WVHQIALRM / 0.3864 WVHQIALRM 5.22 WVHQIALRM / 480.09 WVHQIALRM
2309-2321 (C2) HPQSWVHQIALRM 3 3.26 37.60 534,948 243

2309-2322 (C2) HPQSWVHQIALRME 3 3.23 37.76 577,962 211

2309-2323 (C2) HPQSWVHQIALRMEV 3 3.36 40.42 610,985 2.16

2309-2324 (C2) HPQSWVHQIALRMEVL 3 3.27 | 4367 648,679 239

2309-2325 (C2) HPQSWVHQIALRMEVLG 3 3.24 43.45 667,688 0.49

Fic. 5. FVIlI-derived MHC class Il ligands identified from donor. A The first column shows residue numbers and corresponding domain
of the FVIII molecule. The following columns show amino acid sequence, charge, XCorr value as provided by Sequest, retention time (RT),
mass-to-charge ratio (m/z) and mass tolerance (AM). The two last columns show predicted binding scores to the MHC class Il alleles of the
donor. Binding scores to corresponding MHC class Il alleles of the donor were calculated using Propred and NetMHClIpan epitope prediction
programs. Binding thresholds were defined as =500 nm for NetMHClIpan and as top 3% natural binders for Propred (=0.023 for DRB1*0101
and =0.295 for DRB1*1301). The binding motif of peptides that are predicted to bind above the binding threshold are underlined.

possible explanation for the high percentage of endogenous
proteins presented on MHC class Il is the turnover of moDCs
during culture. The efficacy of moDC generation from mono-
cytes is about 50%. The other cells undergo apoptosis and
can be endocytosed by moDCs. Some of the MHC class
ll-presented endogenous proteins identified in this study have
been shown to be presented on MHC class Il previously, such
as CD14, a-2-macroglobulin, low-density lipoprotein-related
protein 1, macrophage mannose receptor, and CD74 (invari-
ant chain) (13) (data not shown). The identification of CD74 in
all four donors provides an internal control for the peptide
isolation procedure. CD74-derived peptides were expected to
be found in each donor as CD74 is associated with newly
synthesized MHC class Il molecules and occupies the binding
groove in the ER to prevent MHC class Il loading in the ER
(80). In the endo-lysosomal pathway CD74 is exchanged by
other peptides or presented on MHC class Il.

We observed that moDC derived from four healthy, HLA-
typed volunteers all presented FVIII peptides after endocyto-

sis of FVIII. Duplicate experiments from different blood draws
(Fig. 6) suggest that there is a low level of variability in the
presentation of FVIIl peptides between independent experi-
ments using cells from the same donor. As shown in Figs. 5
and 6, FVIII peptides could be divided into sets of peptides
with overlapping sequences, which were comprised of differ-
ently processed variants of the same core peptide sequence.
Almost all FVIII core peptides that were found in this study
were predicted to bind to either one or both DRB1 alleles
present in the donor in which the core peptides was found.
Two MHC class Il binding prediction-algorithms, Propred and
NetMHCllpan, were chosen based on the fact that they are
reportedly the two most accurate algorithms available (31)
and on the fact that other algorithms, such as SYFPEITHI, do
not have predictors for all MHC class Il haplotypes present in
our set of donors.

The comparisons between the peptide identification and
the two prediction models does not only confirm that the
peptides that were found fit into the binding groove of the
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FVill Experiment 1 Experiment 2 Propred (DRB1*0701/*1501) (max=1) NetMHClIpan (DRB1*0701/*1501) (affinity nM) |
0001-0036 (A1) ATRRYYLGAVELSWDYMQSDLGELPVDARFPPRVPK 0.4397 YMQSDLGEL / 0.0918 LPVDARFPP 794.87 YMQSDLGEL / 215.13 RYYLGAVEL
0001-0036 (A1) ATRRYYLGAVELSWDYMQSDLGELPVDARFPPRVPK
0107-0136 (A1) KASEGAEYDDQTSQREKEDDKVFPGGSHTY 0.1379 VFPGGSHTY / 0.1429 VFPGGSHTY 15433.83 VFPGGSHTY / 12015.44 VFPGGSHTY

0361-0380 (al-A2) DDDNSPSFIQIRSVAKKHPK 0.2845 FIQIRSVAK / 0.0918 IQIRSVAKK 41.87 FIQIRSVAK / 24.21 FIQIRSVAK
0362-0380 (a1-A2) DDNSPSFIQIRSVAKKHPK
0364-0379 (al-A2) NSPSFIQIRSVAKKHP NSPSFIQIRSVAKKHP
0364-0380 (al-A2) NSPSFIQIRSVAKKHPK
0365-0380 (al-A2) SPSFIQIRSVAKKHPK SPSFIQIRSVAKKHPK
0455-0474 (A2) GEVGDTLLIIFKNQASRPYN 0.2759 VGDTLLIIFK /0.5204 LIIFKNQAS 22.26 FKNQASRPY / 4.09 LIFKNQAS
0455-0475 (A2) GEVGDTLLIIFKNQASRPYNI
0456-0473 (A2) EVGDTLLIIFKNQASRPY
0456-0474 (A2) EVGDTLLIIFKNQASRPYN EVGDTLLIIFKNQASRPYN
0456-0475 (A2) EVGDTLLIIFKNQASRPYNI EVGDTLLIIFKNQASRPYNI
0456-0479 (A2) EVGDTLLIIFKNQASRPYNIYPHG
0457-0473 (A2) VGDTLLIIFKNQASRPY VGDTLLIIFKNQASRPY
0457-0474 (A2) VGDTLLIIFKNQASRPYN VGDTLLIIFKNQASRPYN
0457-0475 (A2) VGDTLLIIFKNQASRPYNI VGDTLLIIFKNQASRPYNI
0458-0473 (A2) GDTLLIIFKNQASRPY GDTLLIIFKNQASRPY 0.25 LLIFKNQA /0.5204 LIFKNQAS
0459-0472 (A2) DTLLIIFKNQASRP 358.16 LIFKNQAS / 4.09 LIFKNQAS
0459-0473 (A2) DTLLIIFKNQASRPY DTLLIIFKNQASRPY
0459-0474 (A2) DTLLIIFKNQASRPYN DTLLIIFKNQASRPYN
0459-0475 (A2) DTLLIIFKNQASRPYNI
0467-0489 (A2) NQASRPYNIYPHGITDVRPLYSR NQASRPYNIYPHGITDVRPLYSR 0.2328 IYPHGITDV / 0.3163 YNIYPHGIT 1097.78 NQASRPYNI / 2800.65 ITDVRPLYS
0724-0740 (a2) EDISAYLLSKNNAIEPR EDISAYLLSKNNAIEPR 0.6638 YLLSKNNAI/ 0.2857 YLLSKNNAI 3.69 YLLSKNNAI / 88.41 YLLSKNNAI
0725-0739 (a2) DISAYLLSKNNAIEP DISAYLLSKNNAIEP
0725-0740 (a2) DISAYLLSKNNAIEPR DISAYLLSKNNAIEPR
0726-0739 (a2) ISAYLLSKNNAIEPR ISAYLLSKNNAIEPR
0986-0999 (B) KDNALFKVSISLLK KDNALFKVSISLLK 0.4138 FKVSISLLK/ 0.1888 LFKVSISLL 10.02 FKVSISLLK / 324.82 FKVSISLLK
1227-1240 (B) LFLLSTRQNVEGSY 0.4741 LFLLSTRQNV /0.1735 LFLLSTRQNV 191.78 FLLSTRONV / 659.61 LFLLSTRQN
1223-1235 (B) FMKNLFLLSTRQN
1765-1783 (A3) AEVEDNIMVTFRNQASRPY 0.3103 FRNQASRPY /0.4694 MVTFRNQAS 100.48 FRNQASRPY / 15.68 MVTFRNQAS
1765-1784 (A3) AEVEDNIMVTFRNQASRPYS
1766-1783 (A3) EVEDNIMVTFRNQASRPY
1766-1784 (A3) EVEDNIMVTFRNQASRPYS
1767-1782 (A3) VEDNIMVTFRNQASRP 0.1983 IMVTFRNQA /0.4694 MVTFRNQAS 2236.73 MVTFRNQAS / 15.68 MVTFRNQAS
1767-1783 (A3) VEDNIMVTFRNQASRPY VEDNIMVTFRNQASRPY
1767-1784 (A3) VEDNIMVTFRNQASRPYS VEDNIMVTFRNQASRPYS
1768-1782 (A3) EDNIMVTFRNQASRP
1768-1783 (A3) EDNIMVTFRNQASRPY EDNIMVTFRNQASRPY
1768-1784 (A3) EDNIMVTFRNQASRPYS
1769-1783 (A3) DNIMVTFRNQASRPY DNIMVTFRNQASRPY
1769-1784 (A3) DNIMVTFRNQASRPYS
1816-1827 (A3) FWKVQHHMAPTK 0.0776 FWKVQHHMA / 0.1122 VQHHMAPTK 2591.59 VQHHMAPTK / 206.74 VQHHMAPTK
1879-1895 (A3) FFTIFDETKSWYFTEN 0.2586 FDETKSWYF / 0.1837 FTIFDETKS 2978 FOETKSWIE [ 810835 FUETIOWIE
1880-1894 (B) FTIFDETKSWYFTE FTIFDETKSWYFTE
1881-1894 (B) TIFDETKSWYFTE TIFDETKSWYFTE 0.2586 FDETKSWYF / -
1881-1895 (B) TIFDETKSWYFTEN
1882-1895 (B) IFDETKSWYFTEN
2050-2061 (C1) LARLHYSGSINA 0.4397 LHYSGSINA/ 0.3469 LHYSGSINA 170.98 LHYSGSINA / 18.73 LHYSGSINA
2256-2271(C2) YVKEFLISSSQDGHQW 0.4397 FLISSSQDG / 0.2398 VKEFLISSS 83.34 FLISSSQDG/ 1011.01 FLISSSQDG
2257-2271(C2) VKEFLISSSQDGHQW

Fic. 6. Presentation of FVIII peptides in duplicate experiments from donor B. Table of FVIlI-derived MHC class Il ligands identified from
donor B. The first column shows residue numbers and corresponding domain of the FVIII molecule. The following columns show amino acid
sequences of the first and second experiment. The two last columns show predicted binding scores to the MHC class Il alleles of the donor.
Binding scores to corresponding MHC class |l alleles of the donor were calculated using Propred and NetMHCIlIpan epitope prediction
programs. Binding thresholds were defined as =500 nm for NetMHClIpan and as top 3% natural binders for Propred (=0.353 for DRB1*0701

and =0.329 for DRB1*1501). The binding motif of peptides that are predicted to bind above the binding threshold are underlined.

corresponding MHC class Il molecules, but in addition it also
stresses the need for proper identification of potential T-cell
epitopes. The prediction values shown for donor A and B in
Fig. 5 and 6 clearly show that, although all peptides are
predicted to bind to at least one of both donor DRB1-mole-
cules, there are many discrepancies between the two different
prediction algorithms used. For example, in Fig. 5, peptide
1205-1222 QIENVVLPQIHTVTGTKN does not bind to
DRB1*0101 and binds quite well to DRB1*1301 according to

Propred. According to NetMHClIpan, however, this peptide
binds much better to DRB1*0101 (89 nm) than to DRB1*1301
(4.6 um). Similar to this peptide, many other peptides can be
found in these two figures in which the two algorithms are in
disagreement. There are also many examples of peptides in
which the exact 9-amino-acid sequence motif that is sup-
posed to bind into the groove of the DRB1 molecule is differ-
ent according to one prediction algorithm in comparison to
the other. Furthermore, there are many regions in the FVIII
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Donor A Donor B

DRB1*0101
FVIII DRB1*¥1301
&\
C— 0005-0013 YYLGAVELS
C— 0085-0093 VITLKNMAS
Al C— 0128-0136 VFPGGSHTY —
C— 0246-0254 IGCHRKSVY ——
1 0293-0301 FLTAQTLLM —
C—1 0368-0376 FIQIRSVAK
S—
A2 7 0462-0470 LIIFKNQAS —
C— 0473-0481 YNIYPHGIT
C——1 0729-0737 YLLSKNNAI
1 0782-0790 IQNVSSSDL
3 0991-0999 FKVSISLLK
B C— 1101-1109 FLPESARWI —
C— 1129-1137 LVSLGPEKS —
C—1 1209-1217 VVLPQIHTV ——
C— 1227-1235 LFLLSTRQN
C—— 1492-1500 VELLPKVHI —
1 1548-1554 FLRVATESS
C—1 1598-1606 ILSLNACES —
— 1775-1783 FRNQASRPY [——— |
C—1 1783-1891 YSFYSSLIS
A3 C— 1807-1815 VKPNETKTY (REF 33) ——
— 1883-1891 FDETKSWYF
C— 1996-2004 WRVECLIGE
—— 2001-2009 LIGEHLHAG ——
-/
e
1 2053-2061 LHYSGSINA
Cl C—1 2081-2089 IHGIKTQGA
C——1 2101-2109 FIIMYSLDG  (REF 32) ==
T 2149-2157 IRLHPTHYS  (REF 34) —
=
1 2196-2204 FTNMFATWS  (REF 35/36) —
C2 1 2210-2218 LHLQGRSNA (REF 35/37) —
C——1 2260-2268 FLISSSQDG  (REF 35/37)
— 2313-2321 WVHQIALRM —

Donor C  Donor D

DRB1*0701 DRB1*0401 DRB1*0101
DRB1*1501 DRB1*0404 DRB1%*1302
— —]
—
—
—
— —
—
—
—
—
—
—
=_— — —
—
—
—
—
——
— =
—
— =
—

Fic. 7. Distribution of FVIII core peptides in four different donors. Different core peptides are presented by different donors. Results
displayed in this figure. were obtained from single experiments for all donors. FVIlI-derived MHC class |l peptides are represented as rectangles
for each individual donor. Indicated in yellow are sequences that are common between two donors. Indicated in orange are sequences
common between three donors. Indicated in red is a sequence that is common in all four donors. The different domains and the location of
the peptides are depicted schematically. Some sequences have been marked with a reference number, indicating that they have been
identified previously as CD4" T-cell epitope in the corresponding publication.

sequence that are predicted to bind with high affinity to donor
DRB1 molecules, which were not identified in this study. In
summary, these observations demonstrate that prediction al-
gorithms alone are not sufficient to accurately predict poten-
tial CD4™" T-cell epitopes in FVIII.

Analysis of the FVIII peptide repertoire identified for the four
donors revealed that eight out of 32 core sequences were
presented by multiple donors (Fig. 7). This suggests that FVIII
contains a number of potential HLA-promiscuous ligands.
One such promiscuous ligand, consisting of core sequence
FIIMYSLDG, was described previously as an immunodomi-

nant epitope using T-cell stimulation assays (32). Most of the
peptides found, however, were donor-specific. It is important
to raise the question whether these peptides are clinically
relevant. There are other core sequences that were identified
in this study, which have been reported previously as se-
guences against which CD4™ T cells were found. A FVIII
peptide containing region 1807-1815 was able to induce
CD4* T-cell proliferation in a hemophilia A patient with FVIII
inhibitors (33). Region 2149-2157 is another core sequence
that was reported previously. A CD4+ T-cell clone recogniz-
ing this region of FVIII was isolated (34). Proliferation of this
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clone has been used by another group as a general readout
for FVIII endocytosis by dendritic cells (22). Region 2196-
2204 was identified as a region against which CD4+ T cells
are directed both in a study with hemophilic mice (35) and in
a study with a hemophilia A patient (36). This sequence was
identified using DRB1*0101 tetramers. Both donors that pres-
ent this peptide in our study are DRB1*0101 as well. Two
other C2 peptides identified in this study were found previ-
ously to induce T-cell proliferation (35, 37). The fact that most
peptides found were donor-specific suggests that these pep-
tides are presented in a HLA-specific context. It is important,
however, to keep in mind that the donors are not related and
are potentially heterogeneous with respect to the expression
of genes involved in antigen presentation. The identification of
putative FVIll-derived CD4* T-cell epitopes is important to
understand the formation of FVIlI-neutralizing antibodies in
hemophilia A. As mentioned earlier, there are studies that
have reported that CD4™ T cells isolated from hemophilia A
patients can proliferate in a FVIll-specific manner (32-34, 38,
39). More recently, MHC-class Il tetramers have been used to
assess the exact epitope, HLA-restriction and the phenotype
of FVIlI-specific CD4™ T cells (36, 40). These studies have
implied a role for CD4* T cells in inhibitor formation, but there
is still very limited data on the repertoire of FVIII peptides that
is presented by APCs from donors with different HLA haplo-
types. There are various prediction models available that cal-
culate the binding affinity of linear peptides for MHC class I
variants using mathematics- or structure-based algorithms
(23, 41-45), such as the ones used in this study. These
prediction models are mathematics- or structure-based meth-
ods. They can predict binding motifs with considerable accu-
racy, but are restricted in the sense that they are based on
known peptide-MHC interactions.

An alternative method to identify the binding properties of
antigen-derived peptides to MHC variants is to measure the
binding of synthetic peptides to recombinant MHC molecules
(46). Combined, these computational and in vitro methods
accurately define sequences within an antigen that can bind
MHC molecules, but these data do not completely reflect the
different processes that are involved in antigen presentation.
Processes that are important for antigen presentation on
MHC class Il are the route of endocytosis, cleavage by endo-
somal and lysosomal proteases, and antigenic competition. In
this study we have taken these processes into consideration
by investigating which FVIII peptides are naturally presented
on MHC class Il in moDCs.

The methods described in this paper can be used to deter-
mine the repertoire of naturally presented peptides in antigen-
pulsed APC. In this study we show that our approach can be
used to obtain information on the repertoire of naturally pre-
sented peptides of FVIIl. Potentially, this knowledge can be
used to design novel less immunogenic FVIII variants that lack
promiscuously presented peptides such as FRNQASRPY (A3
domain), FIIMYSLDG (C1 domain), or LIIFKNQAS (A2 do-

main). We and others show peptide analysis of antigen-pulsed
moDCs allows for the identification of naturally presented
peptides derived from clinically relevant antigens (47). Identi-
fication of HLA promiscuous sequences within clinically rele-
vant antigens can potentially assist in the design of more
efficient vaccines or novel tolerization strategies.
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