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m Factor VIII (FVIID)-neutralizing antibodies (inhibitors) are a serious complication in
hemophilia A (HA). The peptide FVIII;194.2213 contains an immunodominant HLA-DRA*01-
* Less immunogenic FVIIl DRB1*01:01 (DRB1*01:01)-restricted epitope recognized by CD4* T-effector cells from HA
muteins were designed
by defining and
replacing MHCII anchor

subjects. The aim of this study was to identify amino acid substitutions to deimmunize this
epitope while retaining procoagulant function and expression levels comparable to those of
. . ) wild-type (WT) FVIII proteins. The shortest DRB1*01:01-binding peptide was FVIII3194.220s,

residues with amino ] ] . ) ]

acids that reduced and residues important for affinity were identified as F2196, M2199, A2201, and S2204. T-cell
MHCII binding. proliferation experiments with Ala-substituted FVIII»194.2205 peptides identified F2196A as a
substitution that abrogated proliferation of clones specific for the WT sequence. T-cell clones
that were stimulated by recombinant WT-FVIII-C2 (rWT-FVIII-C2) protein did not proliferate
when cultured with rFVIII-C2-F21964, indicating the immunogenic peptide includes a

* Patient-derived T-cell
clones show lower pro-
liferation in response to
FVII-F2196K, which
had normal FVIII activity
and expression level.

naturally processed T-cell epitope. Additional amino acid substitutions at F2196 and M2199
were evaluated by peptide-MHC class II (MHCII)-binding assays, T-cell proliferation assays,
epitope prediction algorithms, and sequence homologies. Six B-domain-deleted (BDD)-FVIII
proteins with substitutions F2196A, F2196L, F2196K, M2199A, M2199W, or M2199R were
produced. Proliferation of T-cell clones and polyclonal lines in response to rBDD-FVIII-
F2196K and rBDD-FVIII-M2199A was reduced compared with responses to WT-BDD-FVIII.
The BDD-FVIII-F2196K sequence modification appears to be the most promising sequence
variant tested here, due to its effectiveness at eliminating DRB1*01:01-restricted immuno-
genicity, low potential immunogenicity in the context of other MHCII alleles, expression
level comparable to WT-BDD-FVIIL, and retained procoagulant activity. These results
provide proof of principle for the design of less immunogenic FVIII proteins targeted to
specific subsets of HA patients.
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Introduction

Hemophilia A (HA) is a bleeding disorder caused by factor VIl (FVIII) deficiency. The reduction of FVIII
procoagulant cofactor activity compared with normal (100%) activity determines the severity of HA,
which is categorized as mild (>5%-40%), moderate (1%-5%), or severe (<1%)."? Bleeding is best
managed with FVIIl replacement therapy, however, FVIll-neutralizing antibodies (“inhibitors”) develop in
up to 40% of severe® and ~13% of mild/moderately severe* HA patients, often resulting in significant
morbidity and an ongoing risk of uncontrolled bleeds.®
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Antibody development is initiated when FVIIl is internalized and
processed by professional antigen-presenting cells and FVIl
peptides are presented by major histocompatibility complex class
Il (MHCII) proteins to T-cell receptors (TCRs) on CD4" T-effector
cells.®'° Binding of antigenic peptides to a particular MHCII is
dictated by polymorphisms in 4 or 5 major pockets within its
peptide-binding groove. Peptide side chains at relative “anchor”
positions 1, 4, 6, 7, and 9 bind to these pockets, with size, shape,
and charge or hydrophobic complementarity determining their
affinity."'"® Recognition of MHCII-peptide complexes by specific
TCR, in the context of costimulatory engagement, results in T-cell
activation and proliferation. Activated T-effectors traffic to B-cell
follicles where they engage with B cells via MHCII-peptide-TCR
interactions and induce germinal center formation, wherein
activated B cells proliferate and terminally differentiate into anti-
FVIII antibody-secreting plasma cells.

An immunodominant HLA-DRA*01-DRB1*01:01 (abbreviated
DRB1*01:01)-restricted epitope within overlapping peptides
FVlll3186.2205 and FVlllaqg4.0015 (legacy FVII numbering,'* se-
quence: SYFTNMFATWSPSKARLHLQ) was identified in 3 HA
subjects.’® " This allele is found in ~8% to 9% of whites and ~1%
to 7% of other racial/ethnic groups in the United States.'® The
epitope was first identified by MHCIl tetramer-guided epitope
mapping using peripheral blood mononuclear cells (PBMCs) from
a mild HA subject with an A2201P missense substitution who
developed a high-titer inhibitor.'® His brother, who had a subclinical
inhibitor, also had CD4™" T cells that responded to these 2 peptides
but differed in their T-helper phenotype.'®'® Interestingly, tetramer-
guided epitope mapping carried out using tetramers loaded with
peptides spanning the FVIII-A2, C1, and C2-domains for a severe
HA subject with a large F8 gene deletion and a persistent inhibitor
identified only this 1 high-affinity epitope."” Thirty T-cell clones and
5 polyclonal lines specific for this epitope were isolated from these
3 subjects and their TCRB genes sequenced, revealing that the
FVIll-specific cells that bound DRB1*01:01-FVllly194-0013 tetramers
with high avidity had a highly oligoclonal TCR repertoire.'”

Removal of T-cell epitopes in FVIII through strategic sequence
modifications, sometimes termed “deimmunization,” may be an
effective strategy to reduce the incidence of FVIlll-neutralizing
antibodies.?° Jones et al initiated this approach by modifying a
promiscuous epitope, FVlllogs.2112, recognized by highly expanded
CD4™" T cells from 1 HA and 1 healthy control donor.?" Epitope
modification has been explored for other biotherapeutics including
erythropoietin,? interferon-8 (IFN-B),%® staphylokinase,>* B-lacta-
mase,2® antibodies,?® and anti-cancer immunotoxins.2’ 3! Herein,
experiments to nullify an immunodominant DRB1*01:01-restricted
T-cell epitope in FVIIl are described.

Materials and methods

Human subjects and T-cell clones

Subjects were enrolled in “Genetic Studies in Hemophilia and von
Willebrand Disease” (GS1) and provided informed consent
according to the principles of Helsinki. Protocols were approved by
the Seattle Children’s Hospital, University of Washington, and
Uniformed Services University of the Health Sciences Institutional
Review Boards. HA subjects GS1-17A, GS1-32A, and GS1-56A
were described previously.'®”'® All T-cell clones and polyclonal
lines from these subjects were DRB1*01:01-restricted and were
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specific for an epitope within overlapping peptides FVllly1g6-2005
and FVlll194-0013. Clones and polyclonal lines were expanded by
stimulation with irradiated PBMCs from an HLA-mismatched
individual plus phytohemagglutinin (Thermo Scientific Remel) in
the presence of human interleukin-2 (IL-2; Hemagen Diagnostics,
Columbia, MD) in T-cell medium (RPMI 1640 with 25 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES], 15%
human serum [MP Biomedicals, Solon, OH], 2 mM L-glutamine,
50 U/mL penicillin, 50 pg/mL streptomycin) as described.'” Blood
samples were also obtained from DRB7*01:07-mismatched and
DRB1%01:01-matched healthy controls. PBMCs were obtained by
Ficoll-Paque PLUS (GE Healthcare Bio-Sciences, Marlborough,
MA) underlay and either frozen in 7% dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO) in fetal bovine serum (FBS; GE
Healthcare Bio-Sciences HyClone) or used immediately.

FVIII peptides and MHCIl-peptide binding

FVlll3194-2013 and FVIII peptides truncated and/or with sequence
modifications, as well as reference peptides, were obtained from
commercial vendors (Mimotopes, Clayton, VIC, Australia; Global
Peptide Inc, Ft. Collins, CO; Synpep, Dublin, CA; Anaspec,
Fremont, CA). Molecular weights were confirmed by mass
spectrometry. Ten recombinant HLA-DR proteins and reference
non-FVIII peptides with known MHCII-binding affinities are listed in
supplemental Table 1. Affinities of FVIII peptides for the HLA-DR
proteins were determined by competition assays using these
reference peptides as described.'®323* MHCII-peptide—binding
FVIIl sequences were also predicted using ProPred®® and Immune
Epitope Database (IEDB)3*3” algorithms. MHCII-binding motifs
within these sequences were predicted using the SYFPEITHI
database.®®

Bioinformatics

FVIIl and FV protein sequences were obtained from the National
Center for Biotechnology Information (NCBI) reference sequence
database (www.ncbi.nlm.nih.gov/refseq/) and were aligned using
Clustal Omega.®®

Recombinant FVIII-C2 and recombinant
BDD-FVIll proteins

Amino acid substitution F2196A was introduced into a pET16b/
wild-type (WT) FVII-C2 plasmid containing a His tag using
QuikChange |l site-directed mutagenesis (Agilent, Santa Clara,
CA), and proteins were expressed in Origami B(DE3)pLysS cells
(EMD Millipore, Billerica, MA) and purified using a Ni-charged
column (EMD Millipore) as described.*® The purification procedure
included a wash step with buffer containing 0.1% Triton X-114 to
remove endotoxins.*' Purified proteins were dialyzed into sterile
Ca**"/Mg* "-free Dulbecco’s phosphate-buffered saline (D-PBS)
containing 5% glycerol. Endotoxin levels were tested with the
ToxinSensor Chromogenic LAL endotoxin assay kit (GenScript
Corporation, Piscataway, NJ).

B-domain—deleted (BDD)-FVIIl muteins with single amino acid
substitutions F2196A, F2196L, F2196K, M2199A, M2199W, or
M2199R were stably expressed in BHK-M cells*? as described in
supplemental Methods. Briefly, mutations were introduced with
splicing by overlap extension*® using the primers in Table 1 and
products cloned into HSQ/Avrll/ReNeo.***® Cells were ex-
panded with Dulbecco’s modified Eagle medium/F12 medium with

27 FEBRUARY 2018 - VOLUME 2, NUMBER 4 & blood advances

202 unp 80 U0 1596 Aq Jpd"Z8HE | 0SPOUBADE/GLE088/B0E/1/Z/IPd-8|01Ie/Sa0UBAPEPOO|G/oU"SUONEDlaNdySE//:dNY WOl papeojumod


http://www.ncbi.nlm.nih.gov/refseq/

Table 1. Primers to introduce mutations into BDD-F8 by splicing overlap extension

Location Mutation* Primer name Sequence

External F8-4162f-P1t GCTGGGATGAGCACACTTTT

External F8-5302r-P4t CCACCAAAGAAATGCAGGAC

Internal 2196A F8-4709f-2196A-P2+ ATTACTGCTTCATCCTACGCTACCAATATGTTTGCCACC
Internal 2196A F8-4748r-2196A-P3+ GGTGGCAAACATATTGGTAGCGTAGGATGAAGCAGTAAT
Internal 2196L F8-4709f-2196L-P2 ATTACTGCTTCATCCTACCTTACCAATATGTTTGCCACC
Internal 2196L F8-4748r-2196L-P3 GGTGGCAAACATATTGGTAAGGTAGGATGAAGCAGTAAT
Internal 2196K F8-4709f-2196K-P2 ATTACTGCTTCATCCTACAAAACCAATATGTTTGCCACC
Internal 2196K F8-4748r-2196K-P3 GGTGGCAAACATATTGGTTTTGTAGGATGAAGCAGTAAT
Internal 2199A F8-4718f-2199A-P2 TCATCCTACTTTACCAATGCTTTTGCCACCTGGTCTCCT
Internal 2199A F8-4757r-2199A-P3 AGGAGACCAGGTGGCAAAAGCATTGGTAAAGTAGGATGA
Internal 2199W F8-4718f-2199W-P2 TCATCCTACTTTACCAATTGGTTTGCCACCTGGTCTCCT
Internal 2199W F8-4757r-2199W-P3 AGGAGACCAGGTGGCAAACCAATTGGTAAAGTAGGATGA
Internal 2199R F8-4718f-2199R-P2 TCATCCTACTTTACCAATCGTTTTGCCACCTGGTCTCCT
Internal 2199R F8-4757r-2199R-P3 AGGAGACCAGGTGGCAAAACGATTGGTAAAGTAGGATGA

*Production of BDD-FVIIl muteins F2196A, F2196K, and M2199A was reported previously.>®
1F8-4162f-P1 and F8-5302r-P4 primers hybridize at the ends of the target sequence and amplify an Apal-Notl fragment.
$The P2 and P3 primers are internal primers that contain the mutation, which are underlined within the primer sequences.

L-glutamine and HEPES supplemented with 10% fetal bovine
serum, 50 U/mL penicillin, 50 pwg/mL streptomycin, and 100 wg/mL
geneticin. Upon reaching =70% confluency, cells were washed
with Ca™*/Mg* *-free D-PBS and transferred to AIM-V serum-free
medium (Thermo Fisher Scientific) to collect supernatants. Proteins
were purified by ion exchange and assayed for FVIII activity.*®

FVIII activity and ELISAs

To measure BDD-FVIIl activity in cell supernatants, BHK-M cells
were first washed with Ca™*/Mg* *-free D-PBS to remove serum-
containing medium and transferred to AIM-V serum-free medium
when =70% confluent. Cell supernatants were collected 1 day
later, centrifuged to pellet and remove the remaining cells, and
Antigen-presentation assays

FVIIl peptides (0.01-100 pM) and FVII-C2 domain proteins
(1-1000 nM) were added to 100 000 irradiated PBMCs from a
donor with the DRB1*017:01 allele. After a 4-hour incubation at
37°C, T-cell clones (10 000) were added to each well. At 48 hours,
50 pL of supernatant was removed for cytokine analysis and
replaced with [*H]thymidine (1 wCi per well) in T-cell medium. Cells
were harvested after 18 hours of further incubation and [®H]
thymidine incorporation was measured as described.'® IFN-y and
IL-4 in cell supernatants were measured by sandwich enzyme-linked
immunosorbent assays (ELISAs) as described.®? Fifty percent
effective concentration (ECs) values (concentration at which half-
maximal levels occur) were determined with Systat (Systat
Software, San Jose, CA) using a 3-parameter sigmoid model.
Stimulation indices were calculated by dividing the counts per
minute (cpm) of [3H]thymidine incorporated in antigen-stimulated
cells by the cpm of unstimulated cells.

Relative affinity

Immature monocyte-derived dendritic cells (iMo-DCs) from a Figure 1. FVllly194-2005 constitutes the minimal binding peptide to

DRB1*017:01 donor were generated in vitro from CD14™" cells as
an alternative source of antigen-presenting cells (supplemental
Methods). BDD-FVIIl proteins (1.6-50 nM) were added to 5000
irradiated iMo-DCs. After a 4-hour incubation at 37°C with antigen, iMo-
DCs were washed twice and resuspended in T-cell medium. T-cell
clones (50 000) and antigen-pulsed iMo-DCs were incubated together.
At 48 hours, 50 pL of supernatant was removed from each well and
replaced with [*H]thymidine (1 w.Ci per well) in T-cell medium. Cells
were harvested after 18 hours of further incubation, [*H]thymidine
incorporation was measured, and stimulation indices calculated.
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rDRB1*0101. FVIll;194.0013 and peptides truncated from the C and N termini were
tested for binding to rDRB1*01:01 using a competition assay measuring displace-
ment of the high-affinity reference peptide HAzp6.318. The DRB1*01:01 protein was
incubated with 0.05, 0.1, 0.5, 1, 5, 10, and 50 wM FVIII peptides plus biotinylated
HA306.318 and immobilized in wells coated with anti-DR antibody L243. After
washing, biotinylated peptide bound to HLA-DR was labeled using europium-
conjugated streptavidin and quantified using a time-resolved fluorometer. Sigmoidal
binding curves were simulated and ICs values calculated. Results are

expressed as relative affinities (ICso of FVIlla194.0013/ICs0 of the indicated truncated
peptide) = standard error (SE). The ICsq of FVIllp194-0013 was 0.22 = 0.03 wM.
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Figure 2. FVIII residues 2196, 2199, 2201, and 2204 contribute to DRB1*01:
01 binding. The anchor residues contributing peptide-DRB1*01:01 affinity were
determined by competition binding assays with reference peptide HA3z06.315 Using
FVlll2194-0005 peptides having single Arg (A) or Ala (B) substitutions at every possible
position. The Arg substitution was chosen to map the anchor residues as this bulky,
charged side chain is rarely accommodated by pockets within the MHCII peptide-
binding groove. Ala substitutions are also informative, as they can perturb binding by
removing interactions contributing to peptide-MHCII affinity. Results are expressed
as relative affinities (ICso of FVIllo194.0005/ICs0 of the substituted peptide) = SE.

The ICs0 of FVlllg194.9005 was 0.26 = 0.02 uM.

stored as aliquots at —80°C. FVIIl activity was measured with 1- and
2-stage coagulation assays*” (supplemental Methods) and with a
chromogenic assay using the Chromogenix COAMATIC Factor VIl
kit (DiaPharma) following the microplate method. BDD-FVIII
expression levels were measured using a sandwich ELISA with anti-
human FVIIl ESH-4 (Sekisui Diagnostics, Lexington, MA) and
biotinylated anti-human FVIIl ESH-8 (Sekisui Diagnostics) as the
coating and detection antibodies, respectively (supplemental
Methods).

Results

Mapping the minimal DRB1*01:01-restricted binding
anchors and TCR contact sites

The ProPred and |IEDB algorithms predicted the same minimal
9-residue DRB1*01:01-restricted binding sequence at FVlllo196.0004. '
To test this prediction, serial N-terminal and C-terminal truncations
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Table 2. Representative DRB1*01:01-restricted T-cell clones
recognizing FVIlly 94.2213

T-cell clone TCRBV* TCRBD* TCRBJ No. of clonest
17A-19WK-11 20-1% 2*01 or *02 2-7*01 3
17A-21MO-5 6-6*01 or *03 1*01 2-2*01 5
17A-21MO-11 5-1*01 1*01 1-2*01 3
32A-18 6-1*01 1*01 2-7*01 6
56A-C2 2701 Not identified 1-1*01 10

Five CD4™" T-cell clones having unique TCRB sequences were chosen from 27 clones
isolated from subjects GS1-17A, GS1-32A, and GS1-56A."7 These clones all bound with
medium or high avidity to a DRB1*01:01 tetramer loaded with FVllly194.0013, expanded well
in culture, and proliferated in response to FVIllly194.0013. One clone for each unique TCRB
sequence was selected to evaluate immune responses to FVIII peptides and proteins.

*TCR nomenclature is in accordance with the international reference IMGT/GENE-DB.”°

1The total number of clones isolated with this TCRB gene.

$Sequence was identical to 20-1*07, *02, *04, *05, and *06 alleles.

of FVlllp194.0013 were tested for DRB1*01:01 affinity by comp-
etition assays. FVllly194-2004 affinity was reduced >10-fold
compared with FVllly194-9005, and that of FVlllyig5.0006 Was
>10-fold reduced compared with FVIlly194-0006, indicating that
the minimal peptide for high-affinity binding to recombinant
DRB1*01:01 (rDRB1*01:01) is the 12-residue sequence FVlllp1g4.9005
(Figure 1).

The SYFPEITHI database indicated that the binding anchor
residues to DRB1*01:01 pockets 1, 4, 6, and 9 were F2196,
M2199, A2201, and S2204. This prediction was tested systemat-
ically using FVIllo4194-0005 peptides substituted with Arg (Figure 2A)
or Ala (Figure 2B) at each possible position. More than 10-fold
reduced binding to rDRB1*01:01 was seen for peptides with the
following substitutions: F2196R, M2199R, A2201R, S2204R,
F2196A, and M2199A, thereby confirming the predicted
DRB1*01:01-restricted anchor residues.

FVlll3194-2005 peptides with alanine substitutions at each position
were next tested for immunogenicity by measuring T-cell pro-
liferation and cytokine secretion of patient-derived T-cell clones
having distinct TCRBV sequences'” (Table 2; Figure 3). Cytokine
secretion results generally mirrored proliferation (supplemental
Figure 1), identifying Y2195, T2197, N2198, F2200, T2202, and
W2203 (relative peptide [p] positions p-1, p2, p3, p5, p7, and p8)
as TCR contact residues. Only the substitution F2196A (MHCII
anchor residue 1) abrogated immune responses of all clones.

Strategy for designing less immunogenic rFVIII-C2
and BDD-FVIII proteins

Our primary goal was to design FVIII muteins with amino acid
substitutions that would block MHCII binding without significantly
reducing procoagulant activity. The rFVIII-C2 crystal structure*®
revealed that the FVIII-F2196 side chain interacts with T2202,
stabilizing a 3 turn at a FVIIl membrane-binding region, suggesting
that substitution F2196A might not be optimum for preserving
function. Therefore, 20 FVllly194-0005 peptides, containing each
possible amino acid at position 2196, were evaluated for
DRB1*01:01-restricted immunogenicity by measuring affinity for
rDRB1*01:01 and proliferation of T-cell clone 32A-18. Binding
and proliferation assay results were broadly consistent (Figure 4A-B).
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Figure 3.
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Eleven of the substitutions reduced the affinity =100-fold relative to
that of the WT peptide, and 7 abrogated T-cell proliferation.

The predicted effects of amino acid substitutions at anchor residue
4, M2199, on MHCII affinities were evaluated using the ProPred
and IEDB algorithms, identifying candidates for substitutions to
decrease affinities for DRB1*01:01 (Table 3). In addition, the
human FVIIl sequence was aligned with FVIIl sequences from other
species, and with the homologous human factor V sequence,*® to
determine the conservation of amino acids F2196 and M2199
(Figure 4C). Finally, a literature search identified 3 FVIIl proteins with
substitutions at amino acids F2196 and M2199 that retained FVIII
procoagulant function: BDD-FVII-M21991,%° BDD-FVIII-M2199A°’
and BDD-FVIII-F2196L.52 On the basis of all of these results, amino
acid substitutions F2196A, F2196L, F2196K, M2199A, M2199W,
and M2199R were selected as potential sequence modifications
and the corresponding peptides were screened for their binding to
a series of recombinant HLA proteins as an indicator of their
potential immunogenicity.

Binding promiscuity of FVIll, 942205 and modified
peptides to MHCII

MHCII affinities of WT and sequence-modified peptides within
FVlll31g0.2013 Were predicted using ProPred and IEDB algorithms.
This FVIII region spans all possible 15-mer sequences that
include the proposed amino acid substitution sites at F2196 or
M2199 (MHCII anchor residues 1 and 4). The ProPred algorithm
predicted that, with an affinity threshold of 3% (the recommended
cutoff for physiologically relevant affinities), WT, F2196L-, and
M2199W-substituted peptides would bind to 12, 8, and 5 HLA-
DR, respectively, of 51 HLA-DR proteins for which quantitative
matrices are available; that F2196A and F2196K substitutions
would prevent binding to all 51 HLA-DR; and that M2199A-
and M2199R-substituted peptides would bind to 2 HLA-DR
each (Table 4). Therefore, all 6 substitutions were predicted to
reduce MHCII-binding promiscuity relative to the WT sequence.

Figure 3. Effect of systematic alanine substitutions in FVIll;194.2205 On T-cell
proliferation of clones. WT and Ala-substituted FVIlly194.0005 peptides were
added to 5 T-cell clones isolated from 3 HA subjects, incubated with irradiated
PBMCs from a donor with an DRB1*01:01 allele as antigen-presenting cells. For
clones 32A-18 (A), 17A-19WK-11 (B), 17A-21MO-5 (C), and 17A-21MO-11 (D)
each peptide was added at final concentrations of 0.01, 0.1, 1, 5, 10, 50, and

100 pM, cpm of [®H] thymidine incorporated was measured, and ECs values were
calculated. Clone 56A-C2 (E) was stimulated with peptides at 0.05, 0.1, 0.5, 1, and
10 uM final concentrations. The curves that resulted from these data were not
sufficient to calculate accurate ECsg values, therefore, cpm in response to 10 uM
peptide was plotted. Results are expressed as relative T-cell proliferation (ECs or
cpm of FVIlla194-200s/ECso or cpm of the indicated Ala-substituted peptide) *= SE.
The ECso values for clonal responses to FVIllog4.0005 Were 5.7 = 0.9 uM (A),
48.2 = 2.1 pyM (B), 10.5 = 0.9 uM (C), and 52.5 = 3.1 pM (D). Note that the WT
peptide already contains an Ala at position 2201. These 5 clones had distinct TCR
sequences and were previously shown to bind tetramers with high avidity and to
proliferate in response to FVllly194-0013 (Table 2). Although the binding affinities of
FVlllp194-0013 and FVIlly194-0005 to rDRB1*01:01 protein were almost identical, the
T-cell clones proliferated more robustly in response to FVIlllp194.0013 compared with
FVlll2194-2005 (supplemental Figure 8). Cytokine analysis of supernatants from
stimulated clones is in supplemental Figure 1.
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FVIII Homo sapiens SYFTNMFA-TWSP
FVIII Canis lupus SYLSSMLA-TWSP
FVIII Bos taurus SHLRNMFA-TWSP
FVIII Mus musculus SYFTNMFA-TWSP
FVIII Sus scrofa SHLSNIFA-TWSP
FVIII Rattus norvegicus SHLSTTFA-AWPP
FV Mus musculus SFEKKSWWGDYWEP
FV Homo sapiens SFEKSWWGDYWEP
FV Sus scrofa SFEKKSWWGDYWEP

Figure 4. Effects of all possible amino acid substitutions at FVIII-F2196 on
DRB1*01:01 binding and CD4* T-cell proliferation, and homologous/orthol-
ogous residues to human FVIII anchor residues F2196 and M2199. (A) All 19
non-Phe amino acids were substituted into FVIlly194-0005 at position F2196. Peptides
were tested for binding to rDRB1*01:01 by a competition assay measuring
displacement of the DRB1*01:01 reference peptide HA306.31s. Binding of the
F2196C-substituted peptide was tested with 10 mM B-mercaptoethanol in the
binding buffer as described.”® Results are expressed as relative binding affinities
(ICs0 of FVIlly194.9205/1Cs0 of the indicated substituted peptide) = SE. The ICsq of
FVlllg194-0005 was 0.34 = 0.02 uM. (B) Peptides were also tested for presentation
on irradiated DRB1*07:01 PBMCs to the T-cell clone 32A-18 by measuring [*H]
thymidine incorporation. Results are expressed as relative T-cell proliferation (ECsg
of FVllly194-2005/ECso of the indicated substituted peptide) + SE. The ECsgq of
FVIllg194-2005 in the proliferation assay was 8.9 + 0.7 uM. The asterisk (*) indicates
that, for those peptides, the relative proliferation was <0.09. (C) FVIIl and FV protein
sequences aligning with human FVIII residues 2194-2205 from different mammalian
species were collected from the NCBI reference sequence database including FVIII
Homo sapiens, NP_000123.1; FVIIl Canis lupus familiaris, NP_001003212.1; FVIII
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Table 3. Predicted binding of FVIII peptides with substitutions at
M2199 to DRB1*01:01

Substitution* ProPred scoret IEDB consensus percentile ranki
None (WT peptide) 1.09 6.87
M2199L 1.19 6.53
M2199l 0.79 14.35
M2199Q 0.39 13.37
M2199F 0.37 3.45
M2199N 0.33 13.67
M2199A 0.29 11.97
M2199C 0.29 15.04
M2199V 0.24 9.07
M2199Y <0 4.14
M2199S <0 18.03
M2199T <0 18.03
M2199G <0 12.73
M2199H <0 12.73
M2199E <0 18.03
M2199W <0 10.95
M2199K <0 18.03
M2199R <0 11.55
M2199P <0 18.03
M2199D <0 18.03

*The input sequence for the ProPred and IEBD algorithms was FVlll>1g5.0013, which
spans all possible 15-mer sequences that include the substitution site at M2199.

tPredicted affinities from the ProPred algorithm.®® Possible scores range from
<0 (no binding) to 6 (highest possible affinity) for DRB1*01:01. All 9 sequences with
scores >0 had the same predicted binding motif, with F2196 in MHCII anchor position 1.
None of the substitutions resulted in additional predicted binding modes (score >0) that
would indicate creation of a potential DRB1*01:01-restricted neoepitope. Scores =0.14
(bolded) correspond to predicted peptide-DRB1*01:01 affinities in the top 3% of possible
values. ProPred recommends a threshold of 3% for selecting potential physiologically
relevant interactions.

#Predicted affinities from the IEDB consensus method, which combines scores
generated by 3 prediction algorithms: combinatorial library, NN-align (netMHCII-2.2), and
SMM-align (netMHCII-1.1).2%37 The final scores reflect the predicted peptide affinities for
DRB1*01:01. The highest predicted consensus affinity score, expressed as a percentage
ranking, for each input sequence is listed. [IEDB recommends a threshold of 10% for
selecting potential physiologically relevant interactions (bolded). All 3 algorithms in the
consensus method predicted a 9-mer MHCII-binding core for the WT sequence with
F2196 in anchor position 1. The 4 modified FVIIl sequences that ranked in the top 10% all
had alternative predicted MHCII core sequences with either F2196 or F2200 in anchor
position 1.

Substitutions F2196L, M2199W, and M2199R were predicted to
increase affinity for 1 to 4 of the 51 MHCII alleles in the database.
The IEDB predictions were run using the HLA class Il reference
set, which contains representative alleles for ~99% of the human
population. Results were in good agreement with ProPred in

Figure 4. (continued) Bos taurus, NP_001138980.1; FVIIl Mus musculus,
NP_0832003.2; FVIIl Sus scrofa, NP_999332.1; FVIIl Rattus norvegicus,
NP_899160.1; FV M musculus, NP_032002.1; FV H sapiens, NP_000121.2; and
FV S scrofa, NP_999285.1. Amino acids homologous/orthologous to anchor
residues FVII-F2196 and M2199 are highlighted with gray shading. NB, no
detectable binding at 50 pM peptide; NP, no detectable proliferation even at the
highest peptide concentration, 100 WM.
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Table 4. ProPred-predicted binding of FVIII peptides to 51 HLA-DR alleles

FVIII peptide 1% Threshold 3% Threshold 10% Threshold
WT 04:05,* 04:08 01:01, 01:02, 04:01, 04:04, 04:05, 04:08, 04:21, 30 HLA-DR
04:23, 04:26, 08:13, DRB5*01:01, DRB5*01:05
F2196A None None 15 HLA-DR
F2196K None None 15 HLA-DR
F2196L 04:04,T 04:08, 04:23 01:02, 04:02, 04:04, 04:05, 04:08, 04:10, 04:23, 08:13 42 HLA-DR
M2199A None 01:01, 04:08 26 HLA-DR
M2199W None 04:01, 04:02, 04:08, DRB5*01:01, DRB5*01:05 22 HLA-DR
M2199R 08:13 08:02, 08:13 20 HLA-DR

The input sequences for the ProPred algorithm were WT and sequence-modified FVllly1g2.0013, Which spans all possible 15-mer sequences that include the substitution sites
at F2196 or M2199. ProPred predicts binding to 49 different HLA-DRB1 alleles and 2 HLA-DRB5 alleles.®® Interactions with predicted affinities in the top 1%, 3%, and 10% for
each HLA-DR are listed. The predicted highest-affinity interactions are in the 1% threshold column. A threshold stringency of 3% is recommended to predict potential
physiologically relevant binding affinities. “None" indicates that no HLA-DR were predicted to bind this FVIIl peptide at or above the indicated affinity threshold. At the least-
stringent affinity threshold (top 10%), the number of HLA-DRs predicted to bind 1 or more motifs within FVIlla1g2.9213 is listed for the WT sequence and for the 6 modified

sequences.

*Four-digit numbers correspond to HLA-DRB1* alleles, unless an HLA-DRB5* allele is specified.
tBolded allele numbers indicate that the amino acid substitution is predicted to result in binding (at this threshold level) that was not predicted for the corresponding WT FVIIl sequence.

Such high-affinity MHCII binding could create neoepitopes restricted to these alleles.

predicting high-affinity binding to DRB1*01:01, DRB1*0401,
DRB1*04:05, and DRB5*01:01, which were included in refer-
ence databases for both programs (Table 5). The IEDB method
predicted high-affinity binding of the WT peptides to an additional
11 MHCIl alleles, and the proposed sequence modifications were
predicted to eliminate high-affinity binding to 3 to 6 of these
MHCII alleles. Increased affinities for 0 to 2 MHCII alleles per
sequence modification were also predicted.

Affinities of the minimal epitope FVllly1g94-0005 for 10 recombinant
HLA-DR proteins were determined experimentally using a compet-
itive binding assay. FVllla194.2005 bound strongly to DRB1*01:01,
with moderate affinity to DRB1*15:01 and DRB1*10:01, and
weakly to DRB1*04:01, DRB1*04:04, and DRB1*09:01. The
F2196A, F2196K, and M2199R-substituted peptides had 50%
inhibitory concentration (ICs) values >50 pM for each HLA-DR
protein tested, whereas the M2199A-substituted peptide bound
with moderate affinity only to DRB1*09:01, weakly to DRB1*01:01
and DRB1*03:01, and with ICso values >50 pM for all other
tested HLA-DR proteins (Table 6). The binding results suggested
that all 6 substitutions would reduce MHCII-binding promiscuity,
as increased affinity was observed only for DRB1*09:01 binding
to the M2199A-substituted peptide. Therefore, rBDD-FVIIl pro-
teins with these 6 sequence modifications were designed and
produced.

Immunogenicity of WT vs sequence-modified
rFVIII-C2

As proof of principle, and to test whether the DRB1*01:01-
restricted epitope identified using peptide assays was also a
naturally processed epitope, rFVIII-C2 and rFVIII-C2-F2196A
were generated, purified (supplemental Figure 2), and tested
for immunogenicity. The endotoxin level in the purified samples
was 0.20 endotoxin units (EU)/mL, comparable to the low level
in the human serum used in the T-cell medium. Inmunogenicity
was evaluated by culturing the proteins with 4 patient-derived
T-cell clones (Figure 5). All 4 clones showed dose-responsive
proliferation in response to rFVIII-C2 but not rFVII-C2-
F2196A.
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Expression, function, and immunogenicity of
BDD-FVIIl muteins

BDD-FVIIl muteins F2196A, F2196L, F2196K, M2199A, M2199W,
and M2199R were generated and the activities of the 3 highest-
expressing cell lines per protein determined (supplemental Figures
3 and 4A). Specific activities are in Table 7 and supplemental
Figure 4. Median specific activities were similar to WT-BDD-
FVlll-specific activity for all muteins except F2196A.

WT-BDD-FVIIl and BDD-FVIII-F2196K and -M2199A were highly
purified (supplemental Figure 5) and had specific activities of
~10 000 IU/mg®® (Table 7). These proteins, and T-cell clones and
polyclonal lines from 3 inhibitor subjects, were used to test whether
the DRB1*01:01-restricted immunogenicity of BDD-FVIIl was
decreased by sequence modifications F2196K and M2199A. The
polyclonal T-cell lines 17A-5YR-L1 and 56A-L2"7 and T-cell clones
32A-18, 17A-19WK-11, and 17A-21MO-5, were cultured with
these proteins with DRB17*01:071-matched antigen-presenting cells
(supplemental Figure 6). All clones and lines proliferated in a dose-
dependent manner to WT-BDD-FVII, as expected, whereas the
responses to BDD-FVII-F2196K and BDD-FVII-M2199A were
greatly reduced (Figure 6).

Discussion

Development of inhibitors in response to FVIIl replacement therapy
is the most serious complication in the treatment of HA. Whether
alloimmunization occurs is dependent on the degree of structural
difference between therapeutic FVIIl and the patient’s endogenous,
dysfunctional FVIIl protein (if any protein is expressed), on additional
genetic variations, and on environmental factors including intensity
of FVIIl treatment and inflammatory status of the patient. CD4™
T cells are critical to the production and maintenance of inhibitors,
as demonstrated by the observation that HIV® HA patients
experienced declines in inhibitor titers that were, unfortunately,
reversed when T-cell levels rebounded with effective antiretroviral
therapy.®* Attenuation of CD4" T-effector help, therefore, is a
promising strategy to prevent or reverse anti-FVIll antibody
responses. This may be accomplished by manipulating the cellular

REDUCED IMMUNOGENICITY OF SEQUENCE-MODIFIED FVIII 315

202 unp 80 U0 1596 Aq Jpd"Z8HE | 0SPOUBADE/GLE088/B0E/1/Z/IPd-8|01Ie/Sa0UBAPEPOO|G/oU"SUONEDlaNdySE//:dNY WOl papeojumod



Table 5. IEDB-predicted binding of FVIII peptides to an HLA class Il allele reference set

IEDB percentile rank, %

HLA allele WT F2196A F2196K F2196L M2199A M2199W M2199R
DRB1*01:01 6.87 13.70% 15.40% 13.04* 11.97% 10.95% 11.55%
DRB1*03:01 16.60 18.81 18.81 9.611 16.6 19.22 19.22
DRB1*04:01 2.32 6.65 6.65 4.78 4.20 5.34 7.80
DRB1*04:05 4.58 22.26* 15.75* 6.09 8.21 18.55* 15.58*
DRB1*07:01 4.21 4.21 4.21 2.39 4.10 4.14 4.03
DRB1*08:02 6.00 5.81 5.95 5.05 8.78 8.78 5.15
DRB1*09:01 0.94 2.18 2.18 1.97 1.21 1.61 1.88
DRB1*11:01 5.04 11.79 11.79 9.49 9.49 10.04 8.25
DRB1*12:01 19.66 26.08 26.08 13.79 18.40 26.12 21.62
DRB1*13:02 38.79 34.21 41.41 25.8 39.01 39.11 38.97
DRB1*15:01 18.10 22.85 22.85 10.98 18.64 12.23 18.64
DRB3*01:01 8.08 11.50* 9.71 14.09* 4.92 12,11 10.21*
DRB3*02:02 8.64 8.64 8.64 8.64 12.31* 8.54 10.02*
DRB4*01:01 21.82 21.82 21.82 21.82 21.82 21.82 21.82
DRB5*01:01 2.34 4.69 4.69 3.86 4.69 224 4.69
DQA1*05:01/DQB1*02:01 18.27 26.97 47.89 24.05 21.10 27.65 30.94
DQA1*05:01/DQB1*03:01 16.93 15.87 16.85 14.85 16.93 16.93 16.93
DQA1*03:01/DQB1*03:02 18.96 15.01 22.61 18.98 7.86t 19.21 21.68
DQA1*04:01/DQB1*04:02 10.25 16.25 20.51 13.13 10.25 10.25 10.25
DQA1*01:01/DQB1*05:01 5.64 16.23* 43.15* 13.43* 6.89 0.66 10.95*
DQA1*01:02/DQB1*06:02 11.91 4.87t 12.38 9.18t 11.91 11.91 11.91
DPA1*02:01/DPB1*01:01 7.77 9.05 27.15* 12.90* 7.77 777 7.77
DPA1*01:03/DPB1*02:01 0.96 1.68 3.90 143 2.13 1.71 0.65
DPA1*01/DPB1*04:01 0.66 0.79 1.02 0.81 2.14 0.02 0.30
DPA1*03:01/DPB1*04:02 13.93 20.86 27.97 12.32 29.03 14.60 20.61
DPA1*02:01/DPB1*05:01 8.18 14.02% 12.45% 19.14* 14.44* 19.94* 13.74*
DPA1*02:01/DPB1*14:01 10.89 23.13 21.84 13.05 11.25 16.11 9.361

Predicted binding of WT and sequence-modified 15-mer peptides spanning FVllla1g0.9013 to the IEDB HLA class Il reference set, which consists of the most frequent MHCII (HLA class Il)
loci worldwide representing 46% of DRB1, 77% of DRB3/4/5, 57% of DQA1/DQB1, and 76% of DPA1/DPB1 alleles.®® The highest predicted peptide affinity (lowest percentile rank)
score for each MHCII is listed. Predictions were generated using the “recommended IEDB method,” which defaults to the IEDB consensus method when combined consensus scores are
possible.**3” The consensus method was not applicable to the DRB1*12:01, DRB3*02:02, and DPA1*02:01/DPB1*14:01 alleles, thus these predictions were generated by the SMM-align,
NetMHClIpan, and NetMHClIpan algorithms, respectively. Interactions predicted to be in the top 10% of possible peptide affinities for the indicated MHCII are bolded. A threshold of 10% is
recommended by IEDB for predicting potential physiologically relevant binding interactions. Percentile ranks (predicted affinities) of the sequence-modified FVIIl peptides (columns 3-8) were

compared with those of the WT FVIII peptides (column 2).

*Substitutions predicted to decrease the peptide affinity for a particular MHCII to below the top 10%, and in which the affinity of the WT peptide ranks in the top 10%, indicating that this

substitution may decrease immunogenicity restricted to this allele.

tSubstitutions predicted to increase the peptide affinity for a particular MHCII to within the top 10%, and in which the affinity of the WT peptide ranks below the top 10%, indicating that

this substitution may create a neoepitope restricted to this allele.

response, for example, by expanding natural or engineered
regulatory T cells®® or, alternatively, by modifying the immunoge-
nicity of the antigen itself. This study explores the potential use of
the latter approach.

An important consideration in assessing the feasibility of de-
immunization strategies through modification of T-cell epitopes is
the number of immunodominant epitopes that drive initial anti-
FVIIl immune responses and that maintain persistent inhibitor
titers. Epitope mapping of T-cell epitopes recognized by
humanized (DRB1*15:01) FVIII-KO mice identified 8 immu-
nodominant epitopes in multiple FVIIl domains.’® In a recent
study of a severe HA subject with a persistent high-titer
inhibitor, MHCII tetramer-based epitope mapping to evaluate the
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immunogenicity of peptides spanning the FVIl A2, C1, and C2
domains revealed a highly oligoclonal CD4" T-cell response to only
1 epitope (there was insufficient blood available to test responses
to peptides spanning the entire FVIIl sequence). This subject had a
multiexon F8 gene deletion and had failed immune tolerance
induction (ITI) therapy.'” There is still no adequate murine model
of human ITI protocols; however, these earlier results suggest that
functional peripheral tolerance to FVIll is achieved, in part, through
deletion and anergy of initially responsive CD4 ™" T-cell clones. This
in turn suggests that identification and modification of only a small
set of immunodominant T-cell epitopes in FVIIl may be a feasible
strategy to avoid stimulating T-effector cells that can initiate or
maintain inhibitor responses.2®®” Each sequence modification
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Table 6. Experimental affinities of FVIlly;94.2205 peptides for 10 HLA-DR proteins

Reference peptide* FVIll2194-2205 F2196A F2196K M2199A M2199R
DRB1*01:01 0.3 = 0.0 0.3 = 0.0 >50 >50 39.8 + 3.2 >50
DRB1*03:01 39 *+0.7 >50 >50 >50 285 *+ 2.9 >50
DRB1*04:01 1.1 +0.2 36.3 = 4.8 >50 >50 >50 >50
DRB1*04:04 0.02 *+ 0.00 39.1 = 5.0 >50 >50 >50 >50
DRB1*07:01 0.3 = 0.1 >50 >50 >50 >50 >50
DRB1*09:01 0.1 = 0.0 420+ 52 >50 >50 35+ 03 >50
DRB1*10:01 29 * 0.4 7.3 +0.7 >50 >50 >50 >50
DRB1*11:01 4.4 +0.7 >50 >50 >50 >50 >50
DRB1*11:04 38+ 05 >50 >50 >50 >50 >50
DRB1*15:01 0.06 = 0.01 5.8 + 0.5 >50 >50 >50 >50

Affinities were determined using a competitive binding assay. HLA-DR proteins were incubated with 0.05, 0.1, 0.5, 1, 5, 10, and 50 pM FVIII peptides plus the relevant biotinylated
reference peptides as competitors for each HLA-DR (supplemental Table 1) and immobilized in wells coated with the anti-DR antibody L243. After washing, the remaining bound biotinylated
peptide was labeled using europium-conjugated streptavidin and quantified using a time-resolved fluorometer.

*Numbers are ICs, values (concentration in M displacing 50% of the reference peptide) = standard error (SE). ICsq values were calculated from sigmoidal binding curves using

SigmaPlot. Reference peptide affinities were similar to those reported previously.%”"

has the potential to compromise FVIII activity and/or generate
a neoepitope that could have the opposite of the desired effect
on FVIII immunogenicity. Porcine FVIII has proven an effective
“bypass” therapy to stabilize hemostasis in some inhibitor
patients, however, subsequent immune responses to porcine

Strategic amino acid substitutions in immunodominant T-cell
epitopes with known HLA restriction would, in principle, be less
likely to provoke additional neutralizing antibodies. In other
words, the principles of precision medicine could be applied to
design less immunogenic FVIII proteins targeted to HA patients

FVIIl may develop, thereby negating its clinical benefits.?®°° with specific HLA alleles.
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Figure 5. CD4" T-cell clones did not proliferate when c 17A-21MO-5 D 17A-21MO-11
stimulated with rFVIII-C2-F2196A. T-cell clones 32A-18 150 4 400 A
(A), 17A-19WK-11 (B), 17A-21MO-5 (C), and 17A-21MO-11 —=— FVIII-C2 —&— FVIII-C2
(D) were stimulated with purified recombinant rwT-FVIII-C2 —&- FVIII-C2-F2196A 300 - —&— FVII-C2-F2196A
and rFVIII-C2-F2196A presented by irradiated PBMCs from an g 100 - g
DRB1%*01:01 donor. Proteins were added at final concentra- 5 =
tions of 1, 10, 50, 100, 500, and 1000 nM. T-cell proliferation § § 200 1
was measured by [*H]thymidine incorporation. Results are § 50 4 §
averages of triplicate determinations * standard deviation 100
(SD). Stimulation indices were calculated by dividing the mean
cpm of [*H]thymidine incorporated into protein-stimulated cells 0 0
by the mean cpm of [*H]thymidine incorporated into unstimu- 1 10 100 1000 1 10 100 1000
lated cells. Results are also plotted as proliferation (cpm) in Protein (nM) Protein (nM)
supplemental Figure 9.
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Table 7. Activities and AQs of BDD-FVIIl muteins relative to WT-BDD-FVIII in cell supernatants and after purification

Specific activity, lU/mg or
AQ = SD cell supernatants*

Specific activity, lU/mg or

BDD-FVIII % WT = SD cell supernatants* AQ = SD purified proteinst % WT = SD purified proteinst

1-Stage coagulation assay

WT* 4000 * 590 12000 *= 1400
F2196A 2600 + 200 65+ 5
F2196L 4000 = 120 100 + 30
F2196K 4300 £ 1700 110 £ 42 9500 £ 1700 81 £ 18
M2199A 4000 = 710 100 + 18 9400 = 1800 81 £ 18
M2199W 4400 £ 2100 110 £ 63
M2199R 3700 £ 1500 92 + 37
Kogenatet 3100 £ 190
AQ#
WT* 27+ 9 20+ 4
F2196A 25+ 6 92 + 21
F2196L 28 + 3 100 £ 12
F2196K 26 =7 98 *= 26 20 £ 2 97 + 24
M2199A 26 = 4 95 + 14 43 £ 14 210 *= 83
M2199W 19+7 72 £ 26
M2199R 24 + 4 88 + 14
Kogenatet 23+ 3
Chromogenic assay
WT* 3600 * 33 8500 *= 220
F2196A 1900 = 300 52+ 8
F2196L 2700 * 590 74 £ 17
F2196K 2200 * 610 61 =17 9600 *= 500 110 = 6
M2199A 2700 += 130 77 £ 4 13000 = 310 150 = 5
M2199W 3300 * 780 93 = 22
M2199R 2700 * 660 76 £ 18
Kogenatet 2800 £ 110

AQ, activation quotient.

*FVIIl activities (IU/mL) in BHK-M cell supernatants were measured in triplicate using a 1-stage coagulation assay, 1- and 2-stage coagulation assays to calculate AQs, and chromogenic
assays for 3 cell lines per FVIII protein. Specific activities (IU/mg) were calculated using the concentrations of FVIIl in cell supernatants as measured in an ELISA. The average specific activity
for each protein was calculated from the specific activities of the individual cell lines * standard deviations (SDs) as shown in “1-Stage coagulation assay” and “Chromogenic assay.”
Percentage WT (% WT) activity for each BDD-FVIII mutein = (average specific activity or AQ of the cell lines expressing the mutein/average specific activity or AQ of the cell lines expressing
WT-BDD-FVIIl) X 100. Details regarding individual cell lines are provided in supplemental Figure 4. The WT-BDD-FVIII cell line is HSQ/Avrll/RENEO-expressing BHK-M cells, kindly provided
by Pete Lollar's laboratory (Emory University, Atlanta, GA).

tThe FVIIl activities (IU/mL) of the purified proteins were measured using 1-stage coagulation (n = 4), 1- and 2-stage coagulation to calculate AQs (n = 4), and chromogenic assays (n = 6).
Specific activities (IU/mg) were calculated using the concentrations of FVIIl determined by measuring Aogo of the purified protein solutions and using an extinction coefficient of 256 300 M~ 'cm ™.
Research-grade Kogenate, provided by Bayer at a specific activity of 3600 IU/mg, was used as a control for the assay.

+AQs are calculated as ratios of 2-stage FVIIl activity divided by 1-stage FVIIl activity. The expected AQ for human FVIIl that has not been significantly preactivated is 15-25.%7

Toward the goal of generating less immunogenic FVIII proteins, the The MHCII anchor residues identified were consistent with the

present study identifies the precise binding mode of an immunodo-
minant T-cell epitope'®"”'® in FVIIl to DRB1*01:01 and tests the
effects of sequence modifications to disrupt MHCII binding while
preserving FVIIl procoagulant function. To systematically test the
effects of amino acid sequence modifications within the minimal
epitope, FVIllly194-0005, peptides with Ala or Arg at every possible
position, or with 20 different amino acids substituted for anchor
residue 1 (F2196), were synthesized. ICsq values for the substituted
peptides clearly established the DRB1*01:01 anchor residues
(F2196, M2199, A2201, and S2204) and identified additional
substitutions of F2196 that would prevent or reduce the affinity for
DRB1*01:01. Prediction algorithms further suggested substitutions
of M2199 that could interfere with productive MHCII binding.
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known properties of the DRB1*01:01 peptide-binding groove that
were determined by crystallization with the high-affinity peptide
HAz06.318.' ' The anchor residue at position 1 plays a major role in
contributing affinities of peptides for most HLA-DR alleles. The
specificity of this pocket is dictated by the Gly/Val dimorphism at
386.'17136062 1 A-DR alleles with B86Gly, including DRB1*01:01,
allow primarily large hydrophobic aromatic residues at position 1 and
large aliphatic residues secondarily, whereas HLA-DR alleles with
386Val have the reverse specificities. Accordingly, F2196 was found
to be critical for DRB1*01:01 affinity and for the CD4" T-cell
response. Binding of F2196-substituted peptides to DRB1*01:01
showed the expected preference for large hydrophobic/aromatic
amino acids.
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Figure 6. Markedly reduced proliferation of CD4" T-cell clones and polyclonal lines to BDD-FVIII-F2196K and BDD-FVIII-M2199A. FVlll,g4.0013-specific T-cell
clones 32A-18 (A), 17A-19WK-11 (B), 17A-21MO-5 (C), and polyclonal lines 17A-5YR-L1 (D) and 56A-L2 (E) were stimulated with purified recombinant WT-BDD-FVIIl, BDD-
FVIII-F2196K, and BDD-FVIII-M2199A presented by iMo-DCs. The iMo-DCs were differentiated from CD14™ cells isolated from an DRB7*07:01 donor and pulsed with FVIII

proteins at final concentrations of 1.6, 3.1, 6.2, 12.5, 25, and 50 nM. CD4" T-cell proliferation was measured by [aH]thymidine incorporation. Stimulation indices were

calculated by dividing the cpm of [®H]thymidine incorporated into protein-stimulated cells by the cpm of [*H]thymidine incorporated into unstimulated cells. Results are also

plotted as proliferation (cpm) in supplemental Figure 10.

To test effects of amino acid substitutions on immunogenicity, 5
patient-derived T-cell clones with distinct TCRs were cultured with
antigen-presenting cells from a donor with a DRB7*017:01 allele and
FVlll2194-2005 peptides having an Ala substitution at each position.
Only the F2196A substitution abrogated proliferation of all 5 clones,
whereas the M2199A substitution reduced or abrogated pro-
liferation of the same clones. Ala substitutions of non-MHCIl-anchor
residues had variable effects on proliferation, consistent with the
diverse TCR sequences.'” The substitution F2196A in a recombi-
nant FVIII-C2 protein abrogated proliferation of T-cell clones, clearly
demonstrating that the epitope identified by MHCIl tetramer
mapping and peptide-DRB1*01:01-binding assays is indeed a
physiologically relevant, naturally processed epitope.

Six FVIIl sequence modifications at DRB1*01:01 anchor residues 1
and 4, each having a lower predicted DRB1*01:01-restricted
immunogenicity than the WT sequence, were chosen based on
binding and T-cell assay results and predictions and homologies with
other FVIIl proteins. Binding of WT and sequence-modified FVII
peptides to additional MHCII was tested directly using 10 recombinant
HLA-DRB1 proteins and was evaluated for additional HLA class I
alleles using the IEDB®®37 and ProPred®® prediction algorithms. The
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IEDB HLA class Il reference set corresponds to a panel of the most
frequent MHCII loci worldwide.'®%® Most substitutions evaluated were
predicted to lower MHCIl-binding promiscuity. However, several
substitutions that could increase the affinities for specific MHCIl were
identified, which could conceivably result in presentation of neo-
epitopes. The |IEDB and ProPred algorithms performed well in
predicting which substitutions would disrupt binding to DRB1*01:01
(supplemental Table 2), however, the correlations between ICsq values
and predicted affinities were poor (supplemental Figure 7).

The 6 BDD-FVIII muteins described here each retained at least half
of the specific activity of WT-FVIIl. Purified BDD-FVIII-F2196K and
BDD-FVII-M2199A bound effectively to von Willebrand factor®®
and had specific activities similar to those reported for rWT-FVIII
preparations.*®®4®® These 2 amino acid substitutions profoundly
reduced the proliferation of patient-derived CD4™" T-cell clones and
polyclonal lines that were specific for the WT FVllly194.2005 epitope.
The BDD-FVIII-F2196K sequence modification appears to be the
most promising sequence modification tested here, due to its
effectiveness at eliminating DRB1*01:01-restricted immunogenic-
ity, its low potential immunogenicity restricted to additional
representative MHCII alleles, an expression level comparable to
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WT-BDD-FVIII, and its retained procoagulant activity. Furthermore,
the F2196K substitution prevented neutralization of FVIIl activity by
the inhibitory antibodies BO2C11 and 1B5,%® suggesting that it
may also avoid stimulation of relevant naive and/or memory B cells.

The present study demonstrates effective removal of an immunodo-
minant DRB1*01:01-restricted T-cell epitope in FVIII. Future experiments
will test for reduced immunogenicity and antigenicity of sequence-
modified FVIIl proteins using human PBMCs and animal models. Some
recently introduced therapeutic FVIIl proteins have extended half-lives
achieved through conjugation to Fc®” or polyethylene glycol,®”%® or
sequence modifications to generate a single-chain FVIIL®® etc. The
effects of these modifications on immunogenicity are subjects of
ongoing research. As epitope-mapping efforts are applied to additional
HA subjects, FVIIl sequence modifications to remove immunodominant
epitopes may be incorporated into precision medicine strategies to
match individual patients with optimal therapeutic FVIII proteins.

Potential limitations of our FVIIl deimmunization approach include the
possibility that subdominant epitopes could drive new inhibitor
responses following infusions with a rationally sequence-modified
FVIIIl. Animal model studies are required to test this possibility in the
context of FVII immunogenicity. An earlier study of sequence-
modified IFN-B did not identify emerging subdominant epitopes
following removal of 1 immunodominant epitope,?® which is
encouraging. Some epitopes may consist of residues that cannot
be modified without compromising FVIII procoagulant function, and
generating multiple sequence-modified FVIIl proteins would be costly.
Memory B cells are critical to maintenance of inhibitors, and it remains
to be seen whether decreasing the T-effector response to FVII will
also significantly reduce inhibitor titers. Mapping and modifying B-cell
epitopes also remains a priority, especially in designing less antigenic
proteins as potential therapeutics for patients with an existing inhibitor.
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