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« Elimination of
N-glycosylation at
sites in the A and C
domains of FVIII
differentially affects its
immunogenicity but
not specific activity.

* A potent
mannosylated glyco-
peptide epitope at
site N2118 was
identified and
characterized to
activate T cell's.

The most significant complication in hemophilia A treatment is the formation of inhibitors
against factor VIII (FVIII) protein. Glycans and glycan-binding proteins are central to a
properly functioning immune system. This study focuses on whether glycosylation of FVIII
plays an important role in induction and regulation of anti-FVIII immune responses. We
investigated the potential roles of 4 N-glycosylation sites, including N41 and N239 in the Al
domain, N1810 in the A3 domain, and N2118 in the C1 domain of FVIIL in moderating its
immunogenicity. Glycomics analysis of plasma-derived FVIII revealed that sites N41, N239,
and N1810 contain mostly sialylated complex glycoforms, while high mannose glycans
dominate at site N2118. A missense variant that substitutes asparagine (N) to glutamine (Q)
was introduced to eliminate glycosylation on each of these sites. Following gene transfer of
plasmids encoding B domain deleted FVIII (BDD-FVIII) and each of these 4 FVIII variants, it
was found that specific activity of FVIII in plasma remained similar among all treatment
groups. Slightly increased or comparable immune responses in N41Q, N239Q, and N1810Q
FVIII variant plasmid-treated mice and significantly decreased immune responses in
N2118Q FVIII plasmid-treated mice were observed when compared with BDD-FVIII
plasmid-treated mice. The reduction of inhibitor response by N2118Q FVIII variant was
also demonstrated in AAV-mediated gene transfer experiments. Furthermore, a specific
glycopeptide epitope surrounding the N2118 glycosylation site was identified and
characterized to activate T cells in an FVIII-specific proliferation assay. These results
indicate that N-glycosylation of FVIII can have significant impact on its immunogenicity.

Introduction

Inhibitor formation remains the major complication in treatment of hemophilia A (HA). Inhibitors, neutraliz-
ing antibodies specific to factor VI (FVIIl), form in approximately 30% of patients during FVIIl replace-
ment therapy."> Many factors contribute to the induction of inhibitors®; however, much is still unknown
about the key risk factors and the associated induction mechanism, including why inhibitor formation
occurs in some patients, but not others. FVIIl is a plasma glycoprotein. During processing in the endo-
plasmic reticulum and Golgi, sugar residues and oligosaccharide chains are covalently attached to the
amino acids of its polypeptide chain. The differences in posttranslational modifications, such as glycosyla-
tion, may contribute to the differences in immune responses among patients.
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In the last few years, multiple epidemiological studies have highlighted
the differential immunogenicity of FVIIl products used in the treatment
of patients with HA.*® It was found that there is a 1.87-fold increase
in inhibitor risk associated with recombinant FVIIl (rFVIll) products com-
pared with plasma-derived FVIIl (pdFVIl) and a 1.6-fold increase in
inhibitor risk associated with second-generation baby hamster kidney
cell-derived rFVIIl compared with third-generation Chinese hamster
ovary cell-derived rFVIIL* One hypothesis that may explain these differ-
ences is glycosylation as the glycan structures on each product differ
based on the cell types from which they are derived.®” Further studies
are needed to understand and elucidate the mechanisms of inhibitor
development, particularly the effects of glycosylation on FVIIl immuno-
genicity that could lead to different responses in patients.

Multiple studies have recently been performed to analyze the glyco-
sylation of various pdFVIIl and rFVIIl products.® ' Most N-linked gly-
cosylation was detected in the B domain of FVIIl, with only 4 sites
identified outside of the B domain: N41 and N239 in the A1 domain,
N1810 in the A3 domain, and N2118 in the C1 domain.®'® Further-
more, while the locations of N-glycosylation sites remain the same in
rFVIIl and pdFVIIl, the composition of glycoforms and occupancy at
each site varies greatly from product to product.®'°

The development of inhibitors to FVIIl is a T-cell-dependent pro-
cess, and interactions between glycans and antigen-presenting cells
(APCs) have been observed. Sialic acids are known to interact with
sialic acid-binding immunoglobulin-type lectins (siglecs),' including
Siglec-5, an inhibitory receptor,’? as well as c-type lectin asialogly-
coprotein receptor'® to protect FVIIl from endocytosis. High man-
nose glycans on FVII have been observed to interact with
mannose-specific receptors on dendritic cells in vitro, potentially
leading to FVIIl endocytosis.'* Given the research suggesting the
potential roles played by different types of glycans,'"'3'® we
explored whether elimination of N-glycans at the 4 aforementioned
sites in the A and C domains of B domain deleted FVIII (BDD-FVIII)
would induce changes in the immune responses in a HA murine
model when compared with wild-type (WT) BDD-FVIIl in a gene
therapy setting.

Methods

Mutagenesis of N-linked glycans

Mutagenesis of the BDD-FVIIl cDNA in the liver-specific plasmid
(oBS-HCRHPI-hFVIII'®) was carried out using the Agilent Quik-
Change Il XL Mutagenesis kit (Agilent Technologies, Inc.). A substi-
tution was made swapping an asparagine (N) at the site of interest
with a glutamine (Q) residue to eliminate N-glycosylation at the
specified site. FVIII N to Q variants were created at sites N41,
N239, N1810, and N2118 on the BDD-FVIII plasmid, respectively.
Primers used are listed in Supplemental Figure 1.

Mice

All the experimental mice were housed in a specific pathogen-free
facility at Seattle Children's Research Institute according to the ani-
mal care guidelines of the National Institutes of Health and Seattle
Children's Research Institute. The experimental protocols used in
this study were approved by the Institutional Animal Care and Use
Committee of Seattle Children’s Research Institute.
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Delivery of plasmids carrying BDD-FVIII and its
glycosylation variants genes into HA mice

Male HA mice with a FVIIl exon 16 knockout in an Sv129/BL6 mixed
background between the ages of 8 and 14 weeks were used in all
experiments. Mice were injected with liver-specific plasmids encod-
ing WT BDD-FVIIl or one of the glycosylation variants (Figure 1) via
hydrodynamic injection at a concentration of 25 ug/mL and a volume
(mL) equal to 9% the body weight of the mouse (g). A second chal-
lenge of the same plasmids via hydrodynamic injection was per-
formed on day 86 to elicit robust secondary immune responses.
Blood was collected by retroorbital bleed in one-tenth volume of
3.8% sodium citrate periodically following plasmid injections.

Adeno-associated viral vector production,
purification, and delivery

Adeno-associated viral (AAV) vector AAV-BDD-FVIIl and AAV-
N2118Q-FVIll were produced by the triple plasmid transfection sys-
tem in HEK 293 cells. AAV production and determination of vector
titers are described in the supplemental Methods. AAV vectors
were administered into HA mice at a dosage of 1 X 10'? vg/mouse
via tail vein injection.

Measurement of FVIII activity and antigen levels
and anti-FVIIl inhibitory antibodies
Posthydrodynamic injection of FVIIl plasmids into mice, the coagu-

lant activity of FVIIl, FVIII:C, was measured by a 1-stage, activated
partial thromboplastin time (aPTT)-based assay using a Stago
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Figure 1. WT BDD-FVIII plasmid used for N to Q mutagenesis and the
resulting FVIII variant constructs used for in vivo gene therapy. The WT

N41 N239

BDD-FVIII plasmid construct is shown at the top. The 4 N-glycosylation sites, N41,
N239, N1810, and N2118, in the A1, A3, and C1 domains are separately
represented by red pins. N to Q mutagenesis was performed on the WT BDD-FVIII
backbone to eliminate glycosylation on each of the 4 sites represented by the stop
symbol. BDD, B domain deleted; bpA, bovine growth hormone polyadenylation site;
hAAT, human a1-antitrypsin promoter; HCR, hepatic control region; hFIXintA,
human factor IX intron 1; WT, wild type.
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Figure 2. In vivo experimental layout and comparison of activities of mutated FVIII variants and WT BDD-FVIII. Groups of HA mice were injected
hydrodynamically with plasmids encoding WT BDD-FVIIl and 4 N-glycosylation site mutated FVIIl variants, respectively. (A) The experimental schedule of first and second
challenges of FVIII plasmids via hydrodynamic injections and periodic blood collection for aPTT analysis, Bethesda assay, and inhibitor enzyme-linked immunosorbent assay
(ELISA). (B) FVIII activities in plasma by aPTT at 1 week after plasmid injection. P = .95 calculated using 1-way analysis of variance among all plasmid treated groups.
Untreated mice were used as negative controls. (C) Specific activities of each FVIII variant compared with WT BDD-FVIII. Antigen levels of FVIIl were evaluated using a
FVIll-specific ELISA. N indicates the number of animals per group. (D) FVIII activities evaluated over time. WT BDD-FVIIl: N = 14; N41Q: N = 5; N239Q: N = 5; N1810Q:
N = 7; N2118Q: N = 6; untreated: N = 4. Experiments for each group were repeated at least 3 times. Data are presented as averages from repeated experiments, with

error bars indicating standard deviation.
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Figure 3. Inhibitor development in mice treated with plasmids carrying WT-BDD-FVIIl and mutated BDD-FVIII variants. Groups of mice were injected

hydrodynamically with plasmids encoding mutated BDD-FVIIl variants and WT BDD-FVIII, respectively. Second challenges were performed via hydrodynamic injection in all

groups on day 86. (A) FVlll-specific IgG levels were analyzed by ELISA. (B) Anti-FVIIl inhibitor titers were measured using Bethesda assay. Arrows indicate the time of FVIII

plasmid challenges. The comparison of inhibitor titers between different treatment groups at days 100 and 107 are shown in the right panel of each figure. WT BDD-FVIIl:
N = 16; N41Q: N = 7; N239Q: N = 6; N1810Q: N = 8; N2118Q: N = 6; untreated: N = 4. Experiments for each group were repeated at least 3 times. Data are

presented as averages from repeated experiments, with error bars indicating standard deviation. The P values were calculated using 2-way analysis of variance among all

plasmid treated groups. Untreated mice were used as negative controls.

Compact Max instrument.'”'® FVIIl inhibitors were measured using
Bethesda assay.17’18 Measurement of FVIII antigen levels (FVII:Ag)
and total anti-FVIIl immunoglobulin G (IgG) were examined by
enzyme-linked immunosorbent assay (ELISA) as described in the
supplemental Methods.

CD4" T-cell proliferation assay

Mice with high titer anti-FVIIl inhibitors were generated as
described in the supplemental Methods. Mouse splenocytes
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were isolated and stained with BD Horizon violet cell proliferation
dye 450 (VPD450) (BD Biosciences). The labeled splenocytes
were cultured and stimulated by adding FVIIl as a positive prolif-
eration control, Factor IX as a non-specific antigen control, or
peptides, either glycosylated or non-glycosylated, corresponding
to site N2118. Mannan (0.1, 1, and 10 pM, respectively) was
added in the mannan inhibition experiments. After 96 hours, cells
were stained with anti-mouse CD4 and Fixable Viability Stain
(Fisher Scientific) and analyzed by flow cytometry (BD LSR I
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Figure 4. Comparison of FVIII activity and inhibitor development following gene transfer of AAV carrying WT-BDD-FVIII or the mutated BDD-FVIII N2118Q,
variant. HA mice were intravenously injected with 1 X 10'2 vg of AAV carrying WT-BDD-FVIIl or the mutated FVIIl N2118Q variant, respectively. (A) Schematic of the
treatment and blood collection schedule. (B) The plasma was collected at marked timepoints for the detection of FVIIl activity. Mice were subsequently challenged

intravenously with 5 U of FVIIl weekly for 6 weeks from weeks 16 to 21. (C) The prevalence of inhibitor development was calculated 1 week after final FVIII challenge.

Mice with >0.6 BU inhibitor titer were considered inhibitor positive. The data are presented as means with standard deviation from 3 separate experiments.

analyzer, Fisher Scientific). The enhancement of proliferation was
calculated by subtracting the background levels in non-stimulated
cells.

Synthesis of non-glycosylated and
glycosylated peptides

Non-glycosylated peptides, 15 amino acids in length, corre-
sponding to sequences including site N2118, were synthesized
and provided by GenScript. Glycosylated peptides, including
peptides with either a single N-acetyl-glucosamine (GlcNAc)
attachment or a high mannose glycan (Man6GIcNAc2), were
synthesized in house. Peptides with GIcNAc were synthesized
by using wang-resin through the Fmoc-strategy. To prepare
mannosylated N-glycopeptides, Man6GIcNAc oxazoline was
prepared as previously described'® and coupled to GINAc-
attached peptides. The detailed synthetic methods of glycosy-
lated peptides are described in the supplemental Methods.

Statistical analysis

All statistical analyses were carried out using GraphPad Prism 7
software. The data was compared using 1-way or 2-way analysis
of variance or multiple ¢ tests. P < .05 was considered statistically
significant.
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Results

Comparison of FVIIl expression resulting from the
WT and glycosylation variant genes

FVIII variants were created through site-directed mutagenesis of the
cDNA of a WT BDD-FVIIl plasmid at each of the 4 N-glycosylation
sites in the A and C domains by substituting the N residue with a Q
residue (pBS-HCRHPI-hFVII)'® (Figure 1; supplemental Figure 1).
These variants could effectively eliminate glycosylation at each site.
The plasmids carrying the genes encoding BDD-FVIIl and glycosyla-
tion variants were then hydrodynamically injected, respectively, into
HA mice. FVIIl activity levels in treated mouse plasma were evalu-
ated 1 week after injection (Figure 2A). Mice injected with the WT
BDD-FVIIl plasmid had an average activity of 206 *+ 84%, and mice
injected with N41Q, N239Q, N1810Q, and N2118Q FVIII variant
plasmids had average activities of 203 * 50%, 206 =+ 60%,
187 + 919, and 223 + 77%, respectively (Figure 2B). No statisti-
cally significant differences in FVIII activities between the variants
and WT BDD-FVIIl were observed by a 1-way ANONVA (P close to
1). FVII:Ag levels were determined by FVIII ELISA. The specific
activities of FVIIl produced in all treated groups also showed no
statistical differences (Figure 2C). Taken together, these results
indicated that mutation in each of these sites likely did not induce
any significant conformational changes in the protein structure to
affect FVIII activity and production in vivo. FVIII activities were

IMPACT OF N-GLYCOSYLATION ON FVIII IMMUNOGENICITY 4275
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monitored weekly for the duration of the experiment via aPTT
analysis (Figure 2A). The % FVIIl in circulation dropped to
undetectable levels in all treatment groups by day 28 (Figure 2D).

Evaluation of the impact of N-glycosylation on the
immunogenicity of FVIIl following plasmid-mediated
gene transfer

After confirming that our mutagenesis experiments to eliminate
individual sites of glycosylation had not affected FVIII activity and
stability in vivo and given the drop in FVIII activity by day 14, we
explored the inhibitor responses in the treated mice. HA mice
were injected hydrodynamically with WT BDD-FVIII plasmid or 1
of the 4 variant plasmids. Following plasmid transfer, anti-FVIII
IgG, measured by ELISA, appeared at low levels (<100 ng/mL)
in all injection groups by day 14 and then began to rise and peak
around day 56, at which point some N1810Q and N2118Q
groups had lower antibody levels compared with the other 3
groups. Subsequently, we performed a second plasmid chal-
lenge on day 84 via hydrodynamic injection. While all other
groups experienced a drastic increase in anti-FVIIl levels after the
second challenge, N2118Q group did not (Figure 3A). Bethesda
assays were also performed on the same samples and time
points to examine the inhibitor responses (Figure 3B). These
results parallels those of antibody responses, with N1810Q and
N2118Q groups having lower inhibitor titers compared with
other groups on day 56 and N2118Q group having significantly
lower inhibitor titer after the second challenge. Taken together,
these assays confirmed that when site N2118 is mutated to elim-
inate glycosylation, there is a decrease in inhibitor development
compared with WT BDD-FVIIl and the other N-glycosylation var-
iants. It is also worth noting a trend that anti-FVIIl antibody levels
in N41Q and N239Q groups were higher than in the WT BDD-
FVIII group.

Evaluation of the impact of N-glycosylation on the
immunogenicity of FVIII following AAV-mediated
gene delivery

Groups of HA mice (n = 3/group) received AAV-BDD-FVIIl and
AAV-N2118Q-FVIIl at a dosage of 1 X 10'2 vg/mouse via intrave-
nous injection (Figure 4A). FVIIl activities were detected at week 1
and gradually increased to an average of ~70% of normal plasma
FVIII activity (100%) at week 4. In AAV-BDD-FVlli-treated mice,
FVIII activities dropped to lower levels at week 8 and continued to
decline to <10% (1 mouse) or undetectable levels (2 mice) at
week 12 (Figure 4B). In the 2 mice with undetectable FVIII levels,
we detected very low levels of anti-FVIIl antibodies in ELISA but no
inhibitor titers by Bethesda assay. In AAV-N2118Q-FVll-treated
mice, FVIIl expression remained at similar levels at weeks 4 and
8 but moderately dropped to lower levels at week 12. Interestingly,

both groups of mice had FVIII levels that reverted to higher levels at
week 15, suggesting potential tolerance induction between weeks
12 and 15. When these experiments were repeated with a new
batch of AAVs, the same trend was observed. Next, we challenged
the groups of mice with 5 U of FVIIl weekly for 6 weeks. One week
after the final challenge, inhibitor titers were examined (Figure 4C).
The prevalence of inhibitor development of AAV-BDD-FVIII- and
AAV-N2118Q-FVlll-injected mice was 100% and 33%, respec-
tively (Figure 4C), indicating that mice treated with AAV-N2118Q-
FVIIl were more tolerant to FVIIl compared with mice treated with
AAV-BDD-FVIIL.

Identification of a potential T-cell glycopeptide
epitope surrounding site N2118 of FVIII

Given the reduced immune response in mice treated with the FVIII
variant N2118Q seen in both the IgG ELISA and Bethesda assays,
we wanted to explore the specific role of glycosylation at this site in
interactions with the immune system. Because the development of
inhibitors to FVIIl is known to be a T-cell dependent process, we
performed an in vitro proliferation experiment using a non-glycosy-
lated peptide (NGP) (2118NGP1), a GlcNAc-attached peptide
(2118GicP1), and a mannosylated peptide (2118MP1) correspond-
ing to the amino acid (aa) sequence around N2118 site of FVII,
with the asparagine located centrally within the 15-mer peptide
(Peptlde 1: K2111WOTYRGNQ1188TGTLMV2125), to investigate
CD4" T-cell responses (Figure 5A).

These peptides were examined for their ability to induce FVIll-specific
T-cell proliferation using splenocytes isolated from FVIIl-primed HA
mice with high titers of anti-FVIll IgGs. A dose-dependent increase
was observed in response to increasing doses of FVII in the FVII-
specific CD4" T-cell proliferation assay, and no response was
observed in the presence of factor IX (FIX) as a non-specific antigen
control (Figure 5B). Having confirmed the FVIIl specificity of cell pro-
liferation, we then looked at CD4™" T-cell proliferation in response to
stimulation with 2118NGP1, 2118GicP1, or 2118MP1. Representa-
tive runs are shown in Figure 5C. Multiple runs were performed
under the same conditions and the summary of data are shown in
Figure 5D and supplemental Figure 2. In response to the increased
doses of high mannose N2118 peptide (2118MP1) from 0.1 to
10 uM, CD4" T cells showed increased levels of proliferation with
4.2 = 1.3% at 10 puM, whereas 2118NGP1 and 2118GIcP1 had
negligible effects on cell proliferation. These results indicated that the
specific mannosylated peptide 2118MP1 may encompass a T-cell
responsive glycopeptide epitope region of FVIIl as opposed to the
unglycosylated version.

Next, we performed mannan inhibition experiments to verify the
effect of mannosylation of FVIIl on induction of T-cell responses
using the FVlll-specific T-cell proliferation assay. It was found
that T-cell proliferation was only partially inhibited in response to

Figure 5 (continued) CD4" T-cell proliferation in response to FVIII glycosylated peptides. (A) A graphic representation of the synthetic 15 amino-acid peptides

corresponding to N-glycosylation site 2118 was shown. A non-glycosylated peptide, 15 amino acids in length, centered around site N2118 (2118NGP1) was modified with
the addition of either a single GIcNAc residue (2118GIcP1) or a high mannose glycan Man6GIcNAc2 (2118MP1). (B) CD4™ T-cell proliferation levels in response to 1 U of
FIX as a non-specific control, no stimulant as the negative control, and increasing doses of rFVIIl (0.1 and 1 U). (C) CD4™ T-cell proliferation rates measured after

stimulation with 2118NGP1, 2118GIcP1, and 2118MP1 synthetic peptides, respectively. (D) Summary of the comparison of CD4" T-cells proliferative rate after stimulation

with different synthetic peptides from multiple experimental runs. The background was subtracted for each run. The data are presented as means with standard deviation

from 3 separate experiments (**P < .01; ***P < ,001; ****P < .0001). (E) CD4" T-cell proliferation rates in response to FVIIl and MP1 in the presence or absence of

mannan, respectively (*P < .05).
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Figure 6. CD4™ T-cell proliferation in response to overlapping mannosylated peptides. (A) Peptides, 15 amino acids in length, overlapping with 2118MP1 were
synthesized with high-mannose glycan Man6GIcNAc2 attachments. (B) CD4™ T-cell proliferation levels were measured in response to mannosylated peptides MP1 (top left
panel), MP2 (top right panel), and MP3 (bottom panel) and their non-glycosylated counterparts (NGP1, NGP2, and NGP3). The data are presented as means with standard

deviation from 3 separate experiments (**P < .01; ***P < .001).

0.1 U/mL of FVIIl, and no inhibition was observed at 1 or 10 U/mL
of FVIIl. However, mannan inhibited T-cell proliferation in response
to all 8 concentrations of 2118MP1 (0.1, 1, and 1 uM) (Figure 5E).
These data further confirmed that mannosylation at site 2118 is
responsible for T-cell activation.

Screening of glycopeptide epitope surrounding
N2118 using overlapping peptides

To further narrow down the region of FVII responsible for
eliciting an increased immune response in the presence of a
mannosylated site N2118, we synthesized overlapping non-
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glycosylated and glycosylated (Man6GIcNAc2) peptides with site
N2118 shifted toward either the N- or C-terminus of a 15-mer
peptlde (Peptlde 2 (21 18MP2, 21 18NGP2) T2114YRGNQ113
STGTLMVFFG2128, Peptlde 3 (2118MP3, 21 18NGP3) D2108
GKKWQTYRGN,11gSTGTa190). These peptides were analyzed to
compare proliferation with mannosylated peptide 2118MP1 and
non-glycosylated peptide 2118NGP1  (Ky11{WQTYRGNy11g
STGTLMVy495), where the N-glycosylation site is centrally located
(Figure 6A). Compared with 2118MP1 with enhanced proliferative
CD4" T-cell responses relative to its nonglycosylated counterpart
2118NGP1 (Figure 6B; supplemental Figure 3, top left panel), stim-
ulation with 2118MP2 resulted in even higher levels of CD4™" T-cell
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Figure 7. Homology of FVIII peptides representative of site N2118. The amino acid sequences of 2118MP1, 2118MP2, and 2118MP3 were compared between

the homologous sequences in human, mouse, rat, pig, and dog species.

proliferation than with 2118MP1, at 2.9 = 0.6% at 1 pM and 5.5 *
2.0% at 10 puM, and with significantly increased proliferation in
comparison with its non-glycosylated counterpart 2118NGP2
(Figure 6B; supplemental Figure 3, top right panel). On the other
hand, 2118MP3 showed little to no proliferation in comparison with
the other mannosylated peptides and its non-glycosylated counter-
part 2118NGP3 (Figure 6B; supplemental Figure 3, bottom panel).
Proliferation of CD4™ T cells in the presence of all 3 NGPs was
either at or near background levels. These data indicated that the
essential sequence of the potential T-cell glycopeptide epitope
region is located in the overlapping region of 2118MP1 and
2118MP2 (Figure 7).

Discussion

Posttranslational modifications of proteins, such as glycosylation,
and the possible effects on the immune response in HA have
increased in interest in recent years. Recent studies have
determined the location of glycosylation sites and the composition
of glycan structures in different FVIIl products.®>'® Sialic acids as
the terminal sugar may act as protective sugar moieties from mount-
ing immune responses whereas high-mannose structures may act
as immunogenic moieties."’'*"'® Given that the largest barrier to
successful FVIII treatment remains inhibitor development in patients,
we were prompted to investigate the roles of specific sites of N-gly-
cosylation on FVIIl immunogenicity through the removal and addition
of glycans in an HA mouse model.

N-linked glycosylation occurs in the presence of an N-X-Serine (S)/
Threonine (T) (where X is not proline) consensus sequence and is
the most common form of glycosylation in human cells.?® There are
3 classes of N-linked glycans: complex type, high-mannose type,
and hybrid type.?° Five consensus N-X-S/T sequences in FVIIl have
been identified outside of the B domain,®'® including N41 and
N239 in the A1 domain, N582 in the A2 domain, N1810 in the A3
domain, and N2118 in the C1 domain (Figure 1). However, no
glycosylation was detected on N582 in either pdFVIIl or rFVIILE '
Detailed analysis'® by our group illustrated a comparison of the
percentages of various types of N-glycans on pdFVIIl and rFVIIl
(Figure 8), revealing dramatic differences in the 4 N-glycosylation
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sites outside the B domain between pdFVIIl and rFVIIl. Most notably,
in pdFVIIl, N2118 was occupied by high-mannose glycans, whereas
N41, N139, and N1810 sites were occupied mostly by sialylated
complex- and hybrid-type glycoforms. On the other hand, in rFVII|,
few high-mannose glycans were found in N2118 whereas in N239
only high-mannose glycans were found. It should also be noted that
all 4 N-glycosylation sites are surface-exposed residues and thus
able to interact with immune moieties in vivo.?"?2

Glycosylation of proteins can not only influence its interactions with
immune cells but also contribute to the stability and function. We
first examined if the mutagenesis of sites N41, N239, N1810, and
N2118 from N to Q would affect FVIIl activity and/or accelerate an
immune response and FVIII clearance. The homologous Q residue
is chosen because it is never glycosylated due to the requirement
of the special N-X-S/T structure to form N/p-turn conformation to
undergo glycosylation.>® It was reported that fully deglycosylated
FVIII exhibited significantly decreased activity as well as decreased
interactions with phosphatidylserine-containing membranes.®* Nev-
ertheless, previous reports showed that a single mutation of these 4
N-glycosylation sites either decreased or maintained the same anti-
gen levels and activity of FVIIL2>2® In our study, following delivery of
plasmids carrying the WT BDD-FVIIl and the 4 glycosylation var-
iants, mice produced similar levels of FVIII expression and specific
activities, based on aPTT and FVIIl:Ag ELISA data. These results
indicated that the removal of each of these 4 N-glycosylation sites,
respectively, likely does not result in significant conformational
changes that would affect protein activity/stability in these in vivo
mouse models. These gene therapy—treated mice provided us the
opportunity to focus on examining the impact of glycosylation on
FVIIl immunogenicity.

Given that anti-FVIIl inhibitor development is the biggest obstacle
standing in the way of successful FVIIl treatment in patients, it is
important to consider the impact that posttranslational modifications
such as glycosylation may have upon its immunogenicity. As shown
in the results, mice treated with plasmids carrying WT BDD-FVIII
and the 4 glycosylation variants all developed anti-FVIll inhibitors.
Following first plasmid challenge, groups of mice treated with
N1810Q and N2118Q showed a trend of decreased inhibitor
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(HexNAc); @ Mannose (Man); « Galactose (Gal); ¢ N-acetylneuraminic acid

(NeubAc); a L-Fucose; Ac, acetyl; S, sulfate.

responses to FVIIl compared with mice treated with WT BDD-FVIII
plasmid, whereas no significant difference in inhibitor responses
was observed among N41Q, N239Q, and WT BDD-FVIII plasmid-
treated mice. Subsequently, we treated each group of mice with the
same plasmid a second time on day 84. Mice treated with N2118Q
showed statistically significant lower inhibitor responses compared
with WT BDD-FVIIl, whereas N41Q, N139Q, and N1810Q gro-
ups had slightly increased or comparable responses with the WT
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BDD-FVIIl group. The reduction of inhibitor response by the
N2118Q FVIIl variant is also demonstrated in AAV-mediated gene
transfer experiments. As shown in Figure 8, the glycoforms detected
at site N2118 were all high-mannose-type glycans, whereas N41,
N239, and N1810 sites were occupied 60% to 100% with com-
plex- and hybrid-type glycans with mostly terminal sialic acids. It is
striking that high-mannose glycans on site N2118 had such a signif-
icant impact on the immunogenicity of FVII. It is also noteworthy
that compared with pdFVIll, N41 lost the terminal sialic acid and
N239 changed from complex- and hybrid-type sialylated glycans to
high-mannose glycans in rFVIIl (Figure 8). Whether these changes
contribute to the higher immunogenicity of rFVIIl warrants further
investigation. Furthermore, the N2118Q variant could be used as a
more tolerogenic FVIII compared with WT BDD-FVIIL.

High-mannose glycans were postulated to facilitate the uptake of
FVIII via the mannose receptors on dendritic cells and macro-
phages®”?°; however, a controversial study showed conflicting
data.®° We studied mannan inhibition in a T-cell proliferation assay.
Two steps could be involved in mannan inhibition; the first step is
the entry of FVIII with mannosylated residues into APCs involving
mannose receptors, and the second step is the interaction of man-
nosylated peptides presented on APCs with the T-cell receptor. It
was shown that mannan only partially inhibited the proliferation rate
in response to FVIII at low FVIII concentrations but not at higher
FVIII concentrations, indicating that another major pathway governs
the uptake of FVII by APCs in mice, consistent with previous
studies.®*®" Whether this is the same in humans needs further
investigation. While glycans can affect the immunogenicity of pro-
teins by presenting as a glycoepitope,®? glycans can also shield
other epitopes from T cells®® and antibodies,* regulate presenta-
tion of neighboring epitopes,®® or be a part of a specific peptide
epitope (glycopeptide epitope).*® Due to the significant impact of
N2118Q mutation on FVIII immunogenicity in our gene
therapy—-treated HA mice, we considered the possibility of a poten-
tial glyco or glycopeptide epitope around the N2118 site. To test
this hypothesis, three 15-mer peptides centered around N2118
(K2111WOTYRGN211BSTGTLMV2125) were SyntheSiZed with or
without GIlcNAc or Man6GIcNAc2 attached, respectively. The highly
mannosylated (Man6GIcNAc2) peptide 2118MP1 showed sig-
nificant stimulatory effect of FVIl-specific T-cell responses, whe-
reas the non-glycosylated 2118NGP1 and GlcNAc-attached
2118GIcP1 showed no stimulation. Next, we made additional
overlapping peptides and found a strong stimulatory mannosylated
peptide 2118MP2 (T2114YRGNy11gSTGTLMVFFGyq0g) with FVIII-
specific T-cell responses and a non-stimulatory mannosylated pep-
tide 2118MP3 (D2108GKKWQTYRGN21 1SSTGT21 22). Notably,
none of the non-glycosylated versions of these peptides showed
any stimulatory effect in the FVIll-specific proliferation assay. In addi-
tion, 2118MP2 encompasses the most conserved region among
FVIII derived from different species, whereas 2118MP3 encom-
passes the least conserved region (Figure 7). These results together
suggest a potent T-cell-specific glycopeptide epitope between
Ka111 and Ggqgg of FVII. Thus, deletion of glycans at the N2118
site can significantly reduce the immunogenicity of FVIIl due to the
elimination of a potent glycopeptide epitope that can present anti-
gens and interact with and activate T cells. These results also indi-
cate that there is a specific glycopeptide epitope rather than a
general glycoepitope surrounding the N2118 glycosylation site.

26 JULY 2022 - VOLUME 6, NUMBER 14 blOOd advances



Detailed investigation is currently ongoing to further characterize this
specific glycopeptide epitope.

It would be helpful to analyze the FVII glycoforms in gene
therapy-treated HA mice because the glycosyliransferases present
in mouse liver may be different from what is present in cells that pro-
duce FVIII in humans. However, this is limited by the difficulty to
purify small quantities of mouse proteins. Furthermore, in addition to
T-cell activation, several innate-like B-cell populations, including mar-
ginal zone macrophages and marginal zone B cells, have been
shown to regulate early inhibitor development.®”*® Recent stud-
ies®¥*! showed that antibodies may influence de novo antibody for-
mation following exposure to distinct FVIIl proteins. FVII
glycosylation may also influence the innate-like B-cell recognition of
these glycan epitopes for the initiation of an antibody response,*?
especially when considering that naturally occurring antibodies may
facilitate inhibitor formation as was recently shown with xenogly-
cans.*® These studies, in addition to the present work, provide an
understanding of how FVIII glycosylation may influence antibody for-
mation against FVIIl in a variety of contexts.

In conclusion, this study examined the impact of posttranslational modi-
fications, specifically N-glycosylation, on the immunogenicity of FVIIl
synthesized in vivo following gene transfer of FVIII plasmids. Four N-gly-
cosylation sites outside the B domain were examined. Three sites with
predominantly sialylated complex-type or hybrid-type glycans did not
significantly alter the immunogenicity of FVIIl, whereas site N2118
which contains high-mannose glycans showed significant impact on
FVIII' immunogenicity. A potent T-cell-specific glycopeptide epitope
surrounding site N2118 was identified and characterized in FVIIl for
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