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Summary

Background—Development of neutralizing anti-factor (F)VIII antibodies (“inhibitors’) is a
serious clinical problem in hemophilia A. Increased inhibitor risk has been associated with certain
FVIII missense substitutions, including R593C in the A2 domain.

Objectives—The aim of the present study was to identify T-cell epitopes in FVIII and
characterize T-cell responses in two unrelated hemophilia A subjects sharing F8-R593C andHLA-
DRB1*1101 genotypes. We hypothesized that the hemophilic substitution site coincides with an
important T-cell epitope.

Patients/methods—The binding affinities of peptides for recombinant HLA-DR proteins were
measured and compared with epitope prediction results. CD4+ T cells were stimulated using
peptides and stained with fluorescent, peptide-loaded tetramers.

Results—The inhibitor subjects, but not HLA-matched controls, had high-avidity HLA-DRB1*
1101-restricted T-cell responses against FVIl15g9_gog, Which contains the hemophilic missense
site. Antigen-specific T cells secreted Th1 and Th2 cytokines and proliferated in response to FVIII
and FVIllIsgo_go3. FVIlIsgg_gog bound with physiologically relevant (micromolar) 1Csq values to
recombinant DR0101, DR1101 and DR1501 proteins.
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Conclusions—Hemophilia A patients with R593C missense substitutions and these HLA
haplotypes had an increased incidence of inhibitors in our cohorts, supporting a paradigm in which
presentation of FVIII epitopes containing the wild-type R593 influences inhibitor risk in this
hemopbhilia A sub-population.
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Introduction

FVIlI-neutralizing antibodies (“inhibitors’) develop in some hemophilia A (HA) patients
who receive factor (F)VIII infusions, resulting in bleeding complications [1-3]. Inhibitors
are observed in 25-35% of severe HA patients but also can occur in mild/moderately severe
HA [4,5]. Inhibitors have been associated with multiple F8 missense genotypes [6],
including F8-R593C [7-9]. Multiple lines of evidence, including sequences/subclasses of
inhibitory antibodies [10-13], efficacy of anti-CD40L inhibition [14] and the influence of
CDA4+ cell counts on antibody titers [15], indicate that inhibitor induction, affinity
maturation and antibody class switching involve help from CD4+ T cells. Experimental
evidence [16-18] has suggested that T-cell responses in mild/moderately severe HA may be
directed against epitopes that contain the wild-type FVIII sequence at the hemophilic
mutation site. Several studies have also indicated that B-cell epitopes may include the
missense site [9,19-21]. Although T-cell proliferation in response to FVIII protein and
peptides has been investigated [22—25], further study is warranted to establish the HLA
restriction of T-cell epitopes within FVIII, particularly in the context of specific F8
genotypes. This information could improve estimates of inhibitor risk in defined sub-
populations, allowing individualized treatment of high-risk patients by reducing their
exposure to wild-type FVIII concentrates, and would motivate the design of less
immunogenic versions of FVIII.

In the present study, two unrelated HA subjects with the F8-R593C genotype and similar
HLA-DR haplotypes were studied to characterize T-cell responses and to identify epitopes
within FVIII. The in vitro antigenicity of synthetic, overlapping peptides spanning the
FVII-A2, FVIII-C1 and FVIII-C2 domains were evaluated. To test our hypothesis that the
hemophilic substitution site coincides with an important T-cell epitope, the binding of
peptides containing R593 to various recombinant HLA-DR proteins was evaluated, and the
results were correlated with reported inhibitor incidences in F8-R593C patient cohorts. Our
findings support a paradigm in which binding and presentation of FVI1I epitopes containing
the wild-type R593 by several common HLA-DR alleles may influence the relative risk of
developing an inhibitor in this HA subpopulation.

Materials and methods

Subjects and blood samples

Samples from two unrelated HA subjects and from eight HLA-DRB1*1101-matched healthy
controls were used. Subject 1D (HLA-DRB1*1101 and DRB1*1302), from a Dutch cohort of
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F8-R593C patients, had an initial inhibitor titer of 22 Bethesda units (BU) mL™1 that
declined but persisted for years [26]. Before inhibitor development, his baseline FVI11
clotting activity (FVI11:C) was 20%; this declined to 1% at peak inhibitor titer, indicating
that the inhibitor cross-reacted to neutralize his endogenous (hemophilic) FVIII, then
increased to 1.4% in subsequent years [26]. He received FVIII to support an operation,
which boosted his titer to 2 BU mL™1 and elicited cross-reactive antibodies against the FVI111
A2 domain [9,27]. Subject 41A (HLA-DRB1*1101 and DRB1*1303), from a cohort of
American F8-R593C patients, also developed an inhibitor after receiving FVIII infusions to
support surgery. His baseline FVI1I1:C was 26%. In the month before and after peak titer (34
BU mL™1) his FVIII:C activity ranged from approximately 1% to 4%, indicating that the
initial inhibitor cross-reacted to neutralize his endogenous (hemophilic) FVIII. He was
treated with Rituximab and the titer declined. His most recent titer (2007) was undetectable
(< 0.5 BU mL™1). Neither patient underwent immune tolerance induction. Blood samples
from both subjects were collected > 6 months after their last FVII1 infusion. Peripheral
blood mononuclear cells (PBMCs) were obtained by Ficoll underlay and either frozen [7%
dimethylsulfoxide (DMSO) in serum] or assayed immediately. Research was performed
with IRB approval from the University of Washington Human Subjects Committee or the
Universiteit van Amsterdam Medical Ethics Committee, with written informed consent.

FVIII peptides and protein

About 20-mer peptides (with 12-residue overlaps) with sequences (Table S1, supporting
information) spanning the FVIII A2, C1, and C2 domains were synthesized and verified by
mass spectrometry (Mimotopes, Clayton Victoria, Australia; Global Peptide Inc., Ft.
Collins, CO, USA; Synpep, Dublin, CA, USA; Anaspec, San Jose, CA, USA). Peptides
were dissolved at 10-20 mg mL~1 in DMSO or DMSO/water. Peptide pools contained equal
amounts of 3-7 peptides (10 mg mL~1 total). Recombinant FV11I was obtained from
Pharmacia/Upjohn (manufactured by CSL Behring GmbH, King of Prussia, PA, USA).

Peptide-binding predictions and assays

The binding affinities of peptides spanning the FVI11-A2 sequence to theHLA-DR1101
protein were predicted using the ProPred MHC class 11 binding algorithm (http://
www.imtech.res.in/raghava/propred/) [28]. This program predicts affinities of peptide
sequences for common HLA-DR molecules that present peptides to antigen-presenting cells,
by evaluating their ability to fit into the canonical 9-residue peptide binding groove that is a
feature of the MHC Class Il. Every possible 9-mer sequence within FVI11-A2 was analyzed
with the algorithm’s threshold value set to list binding scores above 0.8. The predicted set of
peptides was further narrowed by excluding sequences with valine at position 1 of the
DR1101 binding motif (i.e. the fit of the peptide into the groove), as this residue has been
shown to bind weakly in this pocket [29]. Peptides with sequences containing R593 or C593
were evaluated regardless of their predicted binding scores.

Affinities of FVIII peptides for HLA-DR monomers were determined experimentally by
competition assays. Recombinant HLA-DR0101, DR0301, DR0401, DR1101, DR1104 or
DR1501 proteins were incubated with (i) FVIII peptides at 0.05, 0.1, 0.5, 1, 5, 10, and 50
UM plus (ii) biotinylated reference peptides that bound to specific DR proteins with high
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affinity (Table S1, supporting information). The DR proteins were then immobilized in
wells coated with anti-DR capture antibody (L243) [30]. After washing, residual bound
biotinylated peptide was labeled using europium-conjugated streptavidin (Perkin Elmer,
Waltham, MA, USA) and quantified using a Victor 2D fluorometer (Perkin Elmer).
Sigmoidal binding curves were simulated and 1Csp values (concentration displacing 50%
reference peptide) calculated using SigmaPlot (Systat Software, Inc., San Jose, CA, USA).

HLA-DR tetramers

HLA-DR1101 tetramers were generated as described [31]. Briefly, biotinylated recombinant
DR1101 protein was incubated with pooled or individual peptides at 37 °C for 72 h with n-
octyl-B-D-glucopyranoside and Pefabloc (Sigma-Aldrich, St Louis, MO, USA) and
conjugated using R-phycoerythrin (PE) streptavidin (Biosource, Camarillo, CA, USA).
Tetramer quality was confirmed by staining a reference T-cell clone (not shown).

Isolation and peptide stimulation of primary CD4+ T cells

T-cell isolation was carried out as described [17,32]. Frozen PBMCs from subject 1D were
thawed, washed, and CD4+ T cells were fractionated by no-touch isolation (Miltenyi Biotec,
Auburn, CA, USA). For subject 41A and HLA-matched control subjects, CD4+ T cells were
fractionated from freshly isolated PBMCs. Three million autologous, CD4-depleted PBMCs
were plated into 48-well plates for 1 h and then washed, leaving a layer of residual adherent
cells behind as antigen-presenting cells. Two million purified CD4+ responder cells were
then plated into these wells. Wells were stimulated with 10 ug mL= pooled peptides in T-
cell medium (RPMI-1640 with 10% human serum, 1 mM sodium pyruvate, 50 U mL™1
penicillin and 50 pg mL~1 streptomycin), supplemented with 40 U mL™1 interleukin-2 (IL-2)
(Hemagen, Waltham, MD, USA) on day 7, and maintained with medium and IL-2.

Tetramer guided epitope mapping (TGEM)

After 2 weeks, cells were analyzed with DR1101 tetramers as described [32,33]. For subject
1D and a control subject, 0.75 x 10° cells were incubated with tetramers (labeled with PE)
loaded with individual FV1I1 peptides predicted to bind DR1101 (Table 1) [28] at 37 °C for
1 h, then incubated with anti-CD3-PerCP (BD Biosciences, San Jose, CA, USA), anti-CD4-
APC (eBioscience, San Diego, CA, USA), and anti-CD25-FITC (eBioscience) at 4 °C for 20
min, and then analyzed on a FACSCalibur (Becton Dickinson, San Jose, CA, USA). For
subject 41A and a second HLA-matched control subject, 0.75 x 10° cells were stained in a
similar fashion, using tetramers loaded with peptide pools spanning the A2, C1, and C2
domains of FVIII (Table S1, supporting information). Tetramer-positive responses were
decoded using tetramers loaded with individual peptides. To define an objective criterion for
positive tetramer staining, CD4+ T cells from six non-hemophilic DR1101 donors were
‘sham’ stimulated using DMSO for 2 weeks and subsequently stained using a panel of
DR1101 tetramers. One tetramer (FV11l3g1_400) gave significantly higher background
staining, indicating a peptide-specific effect, while all others had a statistically similar
background, allowing calculation of a mean background level (Fig. S1, supporting
information). Our criterion for positive staining was designated as the mean background
staining plus three times the standard error of the mean: 1.53% for FVIll3g1_40¢ and 0.46%
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for all other specificities. The latter is consistent with the cut-off used in previous published
studies [17,18,30-33].

Isolation of T-cell clones and a polyclonal line

For all cultures that demonstrated tetramer-positive staining, FVI11-specific T cells were
stained and isolated as described [17] after staining with DR1101-PE tetramers and anti-
CDA4-FITC (eBioscience). CD4+ tetramer-positive cells were sorted using a FACS Vantage
(Becton Dickinson) into 96-well plates containing T-cell medium at one cell per well (to
produce clones) or 250 cells per well (to produce a polyclonal line) and expanded by adding
2 pg mL~1 phytohemagglutinin and 200 000 irradiated PBMCs plus IL-2. Expanded cells
were stained with DR1101-PE tetramers and analyzed on a FACSCalibur (Becton
Dickinson).

Antigen-specific T-cell proliferation assay

T-cell proliferation was assessed as described [17,18]. Briefly, irradiated PBMCs from an
HLA-matched (DRB1*1101) non-HA donor were plated at 10° cells per well in 100 uL T-
cell medium. Peptides (final concentrations 10, 1, 0.1 and 0 pM) and T cells (10 cells per
well) were added in 100 pL T-cell medium and plates were incubated at 37 °C. Wells were
pulsed with [3H]thymidine (1 uCi per well) after 48 h and cells were harvested 18 h later.
[3H]thymidine uptake was measured with a scintillation counter, and stimulation indices
(Sls) were calculated as the counts per minute (cpm) of peptide-stimulated cultures divided
by the cpm with no peptide added.

Cytokine sandwich ELISAs

Interferon-y (IFN-y), tumor necrosis factor-a (TNF-a), IL-4, IL-10 and IL-17A were
measured in supernatants by ELISA. Plates were coated with 100 uL of 2—4 pg mL™1
cytokine-specific antibody (anti-IFN-y MD-1, anti-TNF-a MADb1, anti-l1L-4 8D4-8, anti-
IL-10 JES3-9D7 and anti-IL-17A eBio64-CAP17; eBioscience) in coating buffer
(eBioscience) overnight at 4 °C, washed in phosphate-buffered saline (PBS) with 0.05%
Tween 20, blocked with diluent solution (eBioscience) for 1 h at room temperature and
washed again. Cytokine standard (100 uL; Cell Sciences or eBioscience) or 20-50 uL cell
supernatant (plus diluent) was added to each well, and plates were incubated overnight at 4
°C and washed. Biotin-labeled antibody (100 uL at 2 pg mL™1) (anti-IFN-y clone 4S.B3,
anti-TNF-a MADb11, anti-IL-4 MP4-25D2, anti-1L-10 JES3-12G8 and anti-I1L-17
eBio64DEC17; eBioscience) was added and incubated at room temperature for 1 h. Avidin
horseradish peroxidase (eBioscience) was added (1:1000 dilution), incubated at room
temperature for 30 min and washed. Super Aquablue substrate (100 uL; eBioscience) was
then added and A4gsmeasured using a Bio-Rad 550 reader (Bio-Rad, Hercules, CA, USA).
Cytokine concentrations were calculated from linear standard curves for each cytokine.

Th1/Th2 ratios were calculated as: ([IFN—~]+[TNF—a])/([IL—4]+[IL-10]),
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Results

Binding of FVIII peptides to DR1101

The two R593C subjects had the DRB1*1101 allele in common. An MHC class Il binding
computer prediction algorithm [28] was used to predict which FVI11-A2 peptides might bind
to DR1101. For these predictions a higher score (see Table 1) indicates a greater likelihood
that the corresponding peptide is capable of binding. Seventeen synthetic peptides
corresponding to sequences with the highest predicted binding scores were then tested to
empirically determine their in vitro affinities for recombinant DR1101 protein. Observed
ICsq values ranged from 0.2 to > 100 pM, the detection limit. As summarized in Table 1, 8
of the 17 peptides with predicted binding scores above 0.8 bound to DR1101 with an ICsg
under 10 UM. Notably, FVIl581_600, FVII589_608 and FV”|589—608,593C: all of which
contain the missense site, bound to DR1101 with reasonable affinity as compared with the
influenza HAzps-318 control peptide (Table 2), whereas FVIll5g1_go0 593c did not.

T-cell responses to selected peptides

For inhibitor subject 1D, the number of cryo-preserved cells available for study was only
sufficient to test responses to a limited number of peptides. Therefore, peptides that
contained predicted FVI11-A2 domain epitopes (Table 1) were utilized to query his T-cell
responses. These were divided into two 7-peptide pools, which were then used to stimulate
CDA4+ T cells from the subject and a control subject. T cells from the inhibitor and control
subjects were cultured for 14 days and then stained using DR1101 tetramers loaded with
individual peptides. A clear population of CD4+ T cells was stained by tetramers loaded
with FVIl5g9_gog (Fig. 1), which bound to DR1101 with high affinity (IC5p = 0.5 + 0.4 pM).
Weaker positive staining was observed for FV11l429_448, FVI11469_488 and FVI1lsg1_g00,
which bound to DR1101 with ICgq values of 0.5 £ 0.4, 8.9 £+ 8 and approximately 100 uM.
Notably, tetramer staining was negative for CD4+ T cells stimulated by the hemophilic
peptide FV1lIsg9_608 593c. Attempts to stain T cells from the control subject using tetramers
loaded with each of the 14 peptides containing predicted epitopes (Table 1) yielded negative
results (not shown).

Mapping epitopes in the FVIII A2, C1 and C2 domains

CD4+ T cells freshly isolated from subject 41A were stimulated with peptides spanning the
FVIII A2, C1 and C2 domains, including two peptides with the R593C substitution (Table
S1, supporting information). Cells were cultured and evaluated for responses by staining
with fluorescent, peptide-loaded DR1101 tetramers. Representative results are shown in Fig.
2A. Tetramer staining was above background for CD4+ cells stimulated with FVIII-A2
peptide pools 1, 2 and 6 and with FVII1-C2 pool 1. Therefore, T cells stimulated with these
pools were selected for further analysis (decoding) using tetramers loaded with single
peptides that comprised these pools (Fig. 2B). T cells stimulated using peptide pool 6
showed positive staining by tetramers loaded with FVIlIsgg_gog and FV1ll5g1_goo, both of
which bound with ICsq values of 0.5 £ 0.4 uM. FVII1-A2 peptide pool 2 and FVI1I-C2
peptide pool 1 showed weaker positive staining by tetramers loaded with FV111421_44¢ and
FVIl12187_2205, respectively. The 1Csq values for these peptides were 5.0 £ 18 and 12 + 26
UM. The apparent positive staining of A2 peptide pool 1 was because of FVIll3g1_409, Which
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caused high peptide-specific background staining. Tetramer-stained cells were generally
CD25+, suggesting they were activated (not shown). Notably, staining with tetramers loaded
with FVII1-A2 peptide pool 11, which contains two peptides with the hemophilic R593C
substitution, was negative, indicating that neither peptide containing C593 elicited a high-
avidity T-cell response. The same peptide-loaded tetramers were used to evaluate T-cell
responses for an HLA-DRB1*1101 control subject. All staining results using T cells from
this subject were negative (not shown).

Isolating T-cell clones and evaluating additional control subjects

To facilitate further study of FVI1I-specific T-cell responses, cells from each positive well
were stained again and single-cell sorted to obtain FVI11-specific T-cell clones and lines (as
described in Materials and Methods). Multiple high-affinity FV1l15gg_gog-specific T-cell
clones and lines were isolated. Sorted cells with other specificities did not expand. To
evaluate the disease specificity of the DR1101-restricted T-cell responses observed in these
two-inhibitor subjects, T cells from six additional non-HA subjects were stimulated with
FVIII peptides and stained with tetramers after 2 weeks of in vitro culture. In all cases,
tetramer staining was below the positivity threshold (not shown). In spite of the limited
number of subjects, the magnitude of FV1l15g9_gog-Specific tetramer staining observed for
hemopbhilic subjects with inhibitors was significantly higher than for healthy subjects (P =
0.045). No other tetramer-positive signals were statistically different for patients and
controls.

Binding of truncated peptides to DR1101

To determine the minimal T-cell epitope within FVIllsgg_gog, binding of truncated peptides
to recombinant DR1101 was measured in a competition assay (Fig. 3A). While FVIlIsgy_go3
bound with affinity comparable to FV1l15g9_gog, the FVIl593_g03 and FVIlIsg4_g03 peptides
bound with 10- and 25-fold lower affinity, respectively. This suggests that residue F594
occupies position 1 of the canonical, nine-residue peptide-binding groove in HLA-DR1101
(Fig. 3B), consistent with an epitope predicted by the computer program Propred [28].

T-cell clone proliferation and cytokine secretion

Three antigen-specific T-cell clones and one polyclonal T-cell line were isolated from the
same peptide-stimulated cultures used for epitope mapping. Clone 1D-1 was stained by
tetramers loaded with FV1l15g9_gog but not with FVIll5g1_ggp or an unrelated influenza
control peptide, HA3p5-318 (Fig. 4A). T cells isolated from subject 41A gave similar results
(not shown), indicating that these cells recognize FVIllsgg_gog. Proliferation assays were
conducted for these T cells using FV1l15g9_gog and truncated versions of this peptide to
determine the functional epitope. In all cases, residue R593 was essential for maximal
proliferation (Fig. 4B-E). Interestingly, peptides containing either R593 (wild-type
sequence) or C593 (hemophilic sequence) elicited similar proliferation. These T cells
proliferated well above background in response to wild-type FVIII protein (Fig. 5).

Supernatants harvested 48 h after incubation with FVIl15g9_gog Were assayed to determine
the cytokines secreted in response to FVIII peptide stimulation. Both the T-cell clones and
the polyclonal line secreted robust levels of IFN-v, significant amounts of TNF-a, IL-4 and
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IL-10, but no IL-17 (Fig. 6). Th1/Th2 ratios ranged from 1.8 to 31.6. In the absence of
peptide stimulation, cytokine secretion was negligible.

Binding of FVIII peptides to additional HLA-DR proteins

To determine which common HLA-DR proteins [34] can effectively present FVIII peptides
containing the wild-type R593, the binding of FVIlsgg_gos, FVI1589_608 503¢, FV 1581600,
and FVIllsg1-600,593c to DR0101, DR0301, DR0401, DR1101, DR1104 and DR1501
proteins, which represent prevalent HLA-DR haplotypes in the Dutch and American study
population, was measured. As summarized in Table 2, FVIlIsgg_gg and FV1lIsgg_608 503¢
bound to DR0101, DR1101 and DR1501. FVIlIsg;_gog bound to DR1101, DR1104 and
DR1501. These alleles are found in 33% of individuals in European and non-indigenous
North American populations [34]. This suggests that a substantial fraction of HA patients
with F8-R593C, those with DRB1*01, DRB1*11, or DRB1*15 haplotypes, may be at
increased risk of inhibitor formation. Of course, additional alleles that were not tested in the
present study may also be associated with increased inhibitor risk as well.

Discussion

Inhibitory antibodies are the most severe complication affecting HA patients with access to
FVII1 replacement therapy. However, predicting inhibitor development for individuals
remains challenging because risk factors include genetic and environmental components
[35-43]. Clinical and experimental evidence suggests that responses to FVIII in mild/
moderately severe HA can be triggered by differences between endogenous and infused
FVIII and can be potentiated by immune challenges [17,26]. The present study of two
unrelated HA subjects with established inhibitors (sharing the F8-R593C genotype and
HLA-DRB1*1101 allele) demonstrated robust T-cell responses directed against an epitope
that contains the wild-type FVI1I1 sequence at the hemophilic mutation site. Mild HA
patients would only be exposed to this epitope upon treatment or prevention of bleeding
episodes by infusions with wild-type FVIII concentrates. Our experiments also showed that
the invitro binding affinity of the wild-type FVIII peptide containing R593 for DR1101 was
stronger than that of several other peptides containing predicted high-affinity epitopes. In
fact, there was only a weak correlation (R? = 0.14) between the observed ICsq value and the
predicted binding score. These results indicate the importance of complementing epitope
prediction methods with physical peptide-binding measurements and T-cell assays in order
to obtain an accurate assessment of immunogenicity. Many FVII1I peptides bound to
DR1101 with high affinity but did not elicit T-cell responses, suggesting that both the mild
HA subjects and non-hemophilic individuals have central tolerance to these sequences.
Some of these sequences may, however, elicit immune responses in severe HA subjects with
no circulating FVIII protein.

In agreement with previous studies of mild HA subjects [16,17,44], the experimental results
indicate robust T-cell responses directed against an epitope that contains the wild-type
sequence at the hemophilic mutation site. For subject 1D (Fig. 1), analysis with a limited set
of peptides revealed a high-affinity T-cell response directed against FV1l15g9_gog and weaker
responses directed against an overlapping peptide (FV1ll5g1_gog) and two distinct sequences
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(FV11429_44g and FV1l1469_4gg) Which appeared to be of lower affinity. T-cell responses of
subject 41A were queried using a much larger panel of overlapping FVIII peptides that
spanned the FVIII A2, C1 and C2 domains (Fig. 2), and FVIll5gg_gog again elicited a high-
affinity response. Weaker, apparently low-affinity responses were directed against
FV1421_440, FVIIs81_600 and FVI115187-2205. Expanded FV|||589_508-SDECiﬁC T cells from
both HA subjects proliferated in response to FVIII protein, indicating that this peptide
mimics a naturally processed epitope. Although it is still possible that additional T-cell
responses to regions of FVIII not tested here, for example, the A1, A3 or B domains, may
also contribute to FVIII immunogenicity, our results suggest that high-affinity HLA-
DRB1*1101-restricted T-cell responses to an epitope within FVIlIsgg_gog contributed to
inhibitor formation in both of these HA subjects. Among the peptides that elicited positive
responses, only FVI1llsgg_gog had significantly higher staining for HA subjects (P = 0.045)
than for healthy control subjects. However, it should be noted that because of the limited
number of HA subjects analyzed, there were insufficient data to conclude that responses to
FVIllsg9_gpg 0ccur only in hemophilic subjects with inhibitors. In fact, in a previous study of
brothers who shared the DR0101 haplotype and had mild HA as a result of the A2201P
missense genotype, both subjects had T-cell responses to the same peptide (which included
the mutation site) even although they were discordant for inhibitor development [18].
However, T-cell clones isolated from their blood had distinctly different phenotypes, and
IgG concentrated from plasma donated by the ‘non-inhibitor” brother had a measurable
Bethesda titer, indicating he in fact had a circulating but sub-clinical inhibitor [18,44].
Therefore, there is accumulating evidence that T-cell responses such as those characterized
here indicate the presence of anti-FVIII antibodies, although actual titers may vary
significantly.

T-cell help can drive development and maturation of antibody responses. T cells can also
exhibit regulatory phenotypes, including FoxP3 expression, anergy and IL-10 secretion [45].
Therefore, analysis of tetramer-stained, FVI1I-specific T-cell clones and the polyclonal T-
cell line included quantification of representative Thl and Th2 cytokines, IL-10 and IL-17.
FVIlI-specific T cells from both inhibitor subjects secreted robust levels of IFN-y and
detectable TNF-q, IL-4 and IL-10, with Th1/Th2 ratios suggesting varying degrees of Thl
polarization. This is consistent with previous observations that IFN-y and IL-4 are both
secreted by FVIII-stimulated CD4+ T cells from inhibitor subjects [46]. A recent study
using a HA mouse model suggested that Th1-polarization was associated with tolerance
[47]. A study of a mild HA subject [44] showed that HLA-DRB1*0101-restricted T-cell
clones isolated 2 years after inhibitor formation were strongly Th2 polarized, whereas clones
isolated at earlier time points secreted IFN-y and I1L-17. Another study of human inhibitor
responses concluded that Th2-driven inhibitors occur when the anti-FVII1 antibody response
is intense, whereas Thl cells may be involved in the long-term maintenance of anti-FVIII
antibody synthesis [48]. Additional studies evaluating changes in T-cell phenotypes and
responses over time, particularly in subjects matched by disease severity, genetic
characteristics including F8 genotype and HLA haplotype, and treatment regime, are needed
to determine mechanisms leading to tolerance vs. high-titer anti-FV111 antibodies.
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Initial T-cell proliferation experiments revealed the existence of an epitope within the
FVIllsgg_gog peptide. Although responses of the single clone obtained from subject 1D were
not as vigorous as those of the cells isolated from subject 41A, proliferation assays indicated
robust responses to FV1l159o_g3 for all three clones and for the polyclonal line. Their
proliferation was less pronounced in response to FVIlI5g4_go3, highlighting the importance
of the R593 residue. The experimental results and prediction algorithms both indicated that
F594 occupies position 1 in the DR1101 peptide-binding groove, while N597, A599 and
Q602 fit into the pockets at positions 4, 6 and 9, and adjacent and intervening side chains
project outward to interact with T-cell receptors [49].

Interestingly, all three expanded T-cell clones and the polyclonal line proliferated in
response to the hemophilic FVIllsgg_g0s 503¢ peptide, in spite of the fact that neither primary
nor cloned T cells were stained by tetramers loaded with this peptide, suggesting a lower-
avidity interaction of T cells with tetramers or antigen-presenting cells when the hemophilic
peptide was presented on the DR1101 surface. Peptide affinities for DR1101 are determined
by the fit of peptide ‘anchor’ residues into specific pockets in the class Il binding groove,
whereas tetramer staining of cells has the additional requirement that the DR1101-peptide
complex be recognized by the T-cell receptor on the surface of the responding T cell.
Residue 593 is adjacent to the classic 9-residue class Il binding motif, but it clearly
contributes to binding affinities. The results imply that although the tetramer loaded with the
hemophilic peptide was less effective in staining the T cells (so that labeled cells were below
the threshold for a “tetramer-positive’ response) this lower-avidity interaction was
nevertheless strong enough to stimulate T-cell proliferation. This raises the possibility that T
cells initially activated by wild-type FVIII can cross-react with wild-type and hemophilic
FVIIIL. This cross-reactivity at the T-cell level may be analogous with cross-reactivity seen at
the B-cell level for both subjects, whose inhibitors neutralized their endogenous FVIII.
Cross-maintenance of FVIl1sgg_gog-specific T cells by the endogenous peptide/protein
containing the substitution R593C may also contribute to the persistence of immune
responses to FVIII; indeed, inhibitors and epitope-specific T-cell responses to FVIII have
been observed in mild HA subjects even years after their last infusion [17,44].

Peptide affinities for a series of HLA-DR proteins indicated that DR0101, DR1104 and
DR1501, but not DR0301 and DR0401, can present FVIII peptides containing R593. This
reinforces previous suggestions that while HLA haplotypes are not a general risk factor for
inhibitor development, certain combinations of FVIII genotype and HLA haplotype may
confer an increased risk [7,50]. In the American and Dutch cohorts of F8-R593C hemophilia
subjects (69 total subjects) 9 of the 10 (90%) inhibitor subjects had DRB1*01, DRB1*11 or
DRB1*15 haplotypes, whereas 26 of the 59 (44%) subjects without inhibitors had these
haplotypes [7 and unpublished data]. These alleles are found in 33% of individuals in
European and non-indigenous North American populations [34]. Fisher’s exact probability
test indicates that this is a significant increase (P-value = 0.0076) in inhibitor risk for
subjects with these alleles, as compared with all other class 1l HLA types. However, these
results should be replicated using larger populations and accounting for confounding factors
such as intensity of treatment [9] and genetic determinants such as IL-10 [36] and TNF-a
[38] polymorphisms, before drawing firm conclusions about HLA-associated inhibitor risks.
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T-cell responses to FVII1 were characterized for two unrelated individuals in the present
study. Both demonstrated Th1l-polarized responses (with accompanying low-level 1L-4
secretion) directed against a common HLA-DRB1*1101-restricted epitope, supporting the
notion that T-cell responses to epitopes that contain the hemophilic substitution site
contribute to inhibitor formation in mild/moderately severe HA. These T-cell responses may
occur whenever epitopes containing the wild-type sequence at a missense site are bound to
and presented by particular DR proteins at the surface of an antigen-presenting cell.
Knowledge of HLA-restricted T-cell epitopes in FVIII and their binding affinities for HLA-
DR and possibly other MHC class Il proteins should improve predictions of inhibitor risk.
Only certain MHC class |1 proteins on the surface of antigen-presenting cells will be capable
of effectively presenting particular FV111 peptides. Additionally, the characterization of
immunodominant FV111 T-cell epitopes and T-cell responses will facilitate rational
modifications of FVIII, for example, amino acid substitutions at residues shown to be
critical for the interaction with particular MHC Class 1l molecules. Such FVIII sequence
modification could prevent effective epitope presentation and subsequent T-cell activation.
This approach should be particularly promising to develop less immunogenic proteins to
treat bleeding in individuals with HA genotypes that are associated with increased inhibitor
risk.
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Fig. 1.
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T-cell epitopes recognized by subject 1D. CD4+ cells were stimulated using two pools of
seven factor (F)VIII peptides each with predicted HLA-DRB1*1101-restricted epitopes.
Peptides that elicited a tetramer-positive CD4+ population (greater than three times the
standard error of the mean above background) are indicated by asterisks. These included

FVIl429-448, FV469-488, FV1115g1_600 and FVIIIsgy_goo.
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Fig. 2.

T-cell epitopes recognized by subject 41A. (A) CD4+ cells were stimulated for 2 weeks with

pooled, overlapping peptides spanning the factor FVIII A2, C1, and C2 domains. Positive

and representative negative tetramer staining results are shown (fluorescent labeling greater

than three times the standard error of the mean above background was considered positive).
(B) Decoding by staining the same cells with HLA-DR1101 tetramers loaded with
individual peptides. Peptides that elicited a tetramer-positive CD4+ population are indicated
by asterisks. These included FVIl1421_440, FVIlIsg1_g00, FVI1lI5g1_g00 and FVI1I12187_2205

(note that the tetramer loaded with FVI1I3g1_40¢ had an uncharacteristically high
background, indicating nonspecific binding to CD4+ cells).
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Fig. 3.

Defining the minimal DR1101-restricted epitope within FVIllsgg_gog. (A) In vitro binding of

truncated peptides FVIllsgo_gg3, FV1l1593_603 and FVIlI5g94_g03 and the influenza HA3g6_31g
control to HLA-DR1101 protein (arrow indicates increasing affinity). (B) Schematic of the
core HLA-DR1101 binding region within FVIlIgg,_go3, based on experimental results and
the published DR1101 binding motif [29]. Arrows indicate DR1101 contact residues
(pointing downward) and possible T-cell receptor contact residues (pointing upward).
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Fig. 4.

Tetramer staining and proliferation of T-cell clones and a polyclonal T-cell line. (A)
Staining of clone 1D-1 using tetramers loaded with FVIll5g1_g00, FVI11589_60g OF the control
influenzaHAgzg6_318 peptide. (B—E) Clones from subject 1D(clone 1D-1, B), subject 41A
(clones 41A-1 and 41A-2; C,D) and a polyclonal T-cell line from subject 41A (41A Line, E)
were stimulated with FVIlIsgg_gog, FVI599_603, FV1ll593_603, FVIlI594_603 and the
hemophilic FV1lIsgg_g0s 593¢ peptide at 0, 0.1, 1.0 and 10 pM. [3H]thymidine uptake was
measured in triplicate wells. Data are expressed as stimulation index values + standard
deviation (Sl £ SD), where SI = measured counts/baseline counts.
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Fig. 5.

Proliferation of T-cell clones and polyclonal line in response to factor FVIII. Clones 1D-1,
41A-1 and 41A-2 and a polyclonal T-cell line from subject 41A were stimulated with 0, 0.1
or 0.2 ug mL~1 of FVIII protein. [3H]thymidine uptake was measured in triplicate wells
(data expressed as Sl £+ SD).

J Thromb Haemost. Author manuscript; available in PMC 2015 February 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

pg mL-1
~~
[6216)]
00O
i

500- i
\ ¢

2504 \
NH R

04 N x

Fig. 6.

X}

v,

.

()

v,

X )

.

o,

X

v,

X )

.

v,

()

.

Page 20
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Cytokine secretion by T-cell clones and polyclonal line. Clones from subject 1D and 41A
and a polyclonal T-cell line from subject 41A were stimulated with various concentrations
of FVIlIsgg_gog peptide for 48 h. Supernatants were collected and analyzed by ELISA to
quantify interferon-y (IFN-y), tumor necrosis factor-a (TNF-a), interleukin-4 (1L-4), 1L-10
and 1L-17 secretion. Cytokines elicited at peptide concentrations of 10 ug mL=2 are shown,

representing averages from triplicate wells.
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FVII11-A2 domain peptides predicted to bind DR1101 with high affinity, using the ProPred algorithm [28]

FVIII-A2 peptides  Sequence 1Cso Predicted DR1101 binding score™
1 429-488 MAYTDETEKTREAIQHESGI 89+8 13
2 453-472 LYGEVGDTLLIIEFKNQASRP 02+01 27
3 469-488 ASRPYNIYPHGITDVRPLYS > 100 0.8
4 501-520 FPILPGEIEKYKWTVTVEDG > 100 0.9
5 529-548 LTRYYSSEVNMERDLASGLI 02+0.06 19
6 541-560 RDLASGLIGPLLICYKESVD 25+24 13
7 581-600 ENRSWYLTENIQRFLPNPAG 05+04 08
8 581-600, 593C ENRSWYLTENIQCFLPNPAG > 100 15
9 589-608 ENIQRELPNPAGVQLEDPEF 05+04 14
10 589-608, 593C ENIQCFLPNPAGVQL EDPEF 15+17 14
11 605-624 DPEFQASNIMHSINGYVFDS 89+20 32
12 610-629 ASNIMHSINGYVEDSLQLSV > 100 1.0
13 637-656 WYILSIGAQTDFLSVFFSGY 03+04 43
14 653-672 FSGYTEFKHKMVYEDTLTLFP 20 £ 47 1.9
15 661-680 KMVYEDTLTLFPFSGETVFM >20 15
16 677-696 TVFMSMENPGLWILGCHNSD > 100 2.0
17 685-704 PGLWILGCHNSDFRNRGMTA > 100 2.0

Peptides subsequently pooled and used to stimulate T cells are in bold font; the three remaining peptides contained predicted MHC Class Il binding
motifs (the 9-residue sequences predicted to fit into the HLA-DR1101 binding groove, underlined for each peptide) that were also present in one of
the other peptides. Binding scores generated by Propred for all peptides are in the far right column (higher scores indicate stronger predicted

affinity). Measured IC5Q values under 10 are in bold font.

*
IC5Q values are shown in uM = the standard error of the mean. A lower IC5( value indicates stronger binding. IC50 > 100 indicates no detectable
binding in the assay.

TThe binding score reflects expected binding affinity. Higher scores indicate stronger binding.
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