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THROMBOSIS AND HEMOSTASIS

Factor VIII exhibits chaperone-dependent and
glucose-regulated reversible amyloid formation in the
endoplasmic reticulum
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Hemophilia A, an X-linked bleeding disorder caused by deficiency of factor VIII (FVIII), is
treated by protein replacement. Unfortunately, this regimen is costly due to the expense of
producing recombinant FVIII as a consequence of its low-level secretion from mammalian
host cells. FVIII expression activates the endoplasmic reticulum (ER) stress response,
causes oxidative stress, and induces apoptosis. Importantly, little is known about the
manner to produce factors that cause protein misfolding and aggregation in metazoans. Here, we identified
secreted functional intrinsic and extrinsic factors that cause FVIIl to form aggregates. We show that FVIIl forms
FVIII. amyloid-like fibrils within the ER lumen upon increased FVIII synthesis or inhibition of
glucose metabolism. Significantly, FVIIl amyloids can be dissolved upon restoration of
glucose metabolism to produce functional secreted FVIII. Two ER chaperone families and

@ In the ER, FVIII forms
amyloid aggregates
that are dissolved in a
chaperone- and
glucose-dependent

® A short amino acid
motif in the A1 domain
seeds B-sheet
polymerization;
binding of ER
chaperone BiP to this
motif prevents
aggregation.

their cochaperones, immunoglobulin binding protein (BiP) and calnexin/calreticulin, pro-
mote FVIII solubility in the ER, where the former is also required for disaggregation. A short
aggregation motif in the FVIIl A1 domain (termed Aggron) is necessary and sufficient to
seed B-sheet polymerization, and BiP binding to this Aggron prevents amyloidogenesis.

Our findings provide novel insight into mechanisms that limit FVIIl secretion and ER protein

J

aggregation in general and have implication for ongoing hemophilia A gene-therapy clinical

trials. (Blood. 2020;135(21):1899-1911)

Introduction

Hemophilia A (HA), an X-chromosome-linked bleeding disorder
affecting ~10000 males in the United States, results from de-
ficiency in coagulation FVIII, a component of the intrinsic blood-
clotting cascade’? presently treated by protein replacement.
Although development of recombinant-derived factor VIII (FVIII)
significantly decreased risk of adventitious viral contamination, it
greatly increased the cost of treatment, partially due to the low
level of FVIII secretion from recombinant mammalian host cells.?
FVIII is synthesized and translocated into the endoplasmic re-
ticulum (ER) lumen where only properly folded proteins traffic
to the Golgi compartment. The accumulation of unfolded/
misfolded proteins in the ER activates the unfolded protein
response (UPR), an adaptive signaling pathway evolved to resolve
ER protein misfolding.*# FVIIl is susceptible to misfolding in the
ER and was the first native endogenous protein shown to activate
the UPR by binding to the ER protein chaperone immuno-
globulin binding protein (BiP)/GRP78.7-8 FVII| expression and
an unresolved UPR lead to apoptosis.” A comprehensive
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understanding of the factors required for FVIII folding and se-
cretion is unknown.

FVIIl has the domain structure A1-A2-B-A3-C1-C2, where the B
domain contains 18 potential N-linked glycosylation sites.” The
A domains have amino acid homology to clotting factor V (FV)
and ceruloplasmin, and structural homology to double B-barrel
proteins, resembling the fold of cupredoxin domains.'®'" Energy
depletion, with inhibitors of mitochondrial oxidative phos-
phorylation and glycolysis, selectively inhibits FVIII anterograde
trafficking in the early secretory pathway,'2'® without affecting
the trafficking of other proteins, including the homologous
clotting FV and von Willebrand factor, even within the same
cell.’2'% A portion of FVIII traffics to the Golgi apparatus for
processing by Furin to produce a heterodimer composed of
an amino-terminal ~200-kDa heavily glycosylated heavy chain
(HC; A1-A2-B) in complex with a carboxy-terminal ~80-kDa light
chain (LC; A3-C1-C2) linked through 2 copper ions in each of the
A1 and A3 domains' that probably stabilize the A1 and A3
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domains to promote A1-A3 interaction.'®'” Unfortunately, the
molecular basis of FVIII folding and trafficking through the se-
cretory pathway is poorly defined. Here, we demonstrate that
FVIII forms amyloid-like structures in the ER that can disaggre-
gate and refold, and be secreted as functional FVIII in mam-
malian cells. In addition: (1) a short amino acid motif, which we
termed Aggron, in FVIIl is necessary and sufficient to seed
aggregation; (2) glucose (Glc) metabolism is required to maintain
FVIII solubility; and (3) 2 chaperone families, calnexin (CANX)/
calreticulin (CRT) and BiP, promote solubility, the latter of which
is also required for FVIII disaggregation by interaction with
Aggron.

Materials and methods

Cell lines

Parental Chinese hamster ovary cells (CHO-K1) and 2 CHO-K1
clones were engineered for constitutive FVIIl expression (10A1),8
or, for inducible FVIII expression (H9),'® were previously de-
scribed. COS-1 (ATCC CRL-1650), 293T (ATCC CRL-3216), and
HepG2 (ATCC HB-8065) were obtained from the American Type
Culture Collection (ATCC).

Reagents

All reagents are specified in supplemental Methods (available on
the Blood Web site).

Standard methods

Plasmid construction and treatment with metabolic inhibitors'
are detailed in supplemental Methods. FVIII immunohisto-
chemistry, activity and antigen measurement, pulse-chase and
immunoprecipitation (IP) analyses,'8 co-IPs and western blotting,
sucrose gradient sedimentation,'® and membrane filtration?®
were standard as detailed in supplemental Methods.

Immunogold-labeling transmission electron
microscopy

CHO-K1 or suberoylanilidehydroxamic acid (SAHA)-treated H9
cells were processed for immunogold localization of FVIII as in
supplemental Methods.

Negative-stain TEM and transmission cryo-EM
Lysates from CHO-K1 or sodium butyrate (NaB)-treated H9 cells
were subjected to sucrose gradient sedimentation for FVIII IP,
elution, and analysis by transmission electron microscopy (TEM)
and transmission electron cryomicroscopy (cryo-EM) as in sup-
plemental Methods.

Quantification and statistical analysis

All statistical analysis used Prism software 7. P values were
calculated using 1-way analysis of variance (ANOVA). P < .05
was considered significant. Statistical significance in figures and
legends is denoted by asterisks (***P < .001; ****P < .0001).

Results

FVIIl forms amyloid-like aggregates in the ER

We studied FVIII secretion in 2 stable CHO cell clones engi-
neered to express human FVIII. 10A1 cells constitutively express
high levels of FVIII without UPR activation.'® In contrast, H?
cells express a low level of FVIII that is inducible by histone
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deacetylase inhibitors (NaB or SAHA) that is coupled with UPR
activation. In H9 cells, NaB treatment increased FVIII expression
over time and activated UPR and apoptosis (Figure 1A).8'7
Previous studies using sucrose gradient sedimentation dem-
onstrated newly synthesized FVIII transiently aggregates in CHO
cells.’ To measure FVIII aggregation in a more reproducible,
robust, and convenient manner, we used filtration through
cellulose acetate (CA) membranes, which selectively retains
amyloid aggregates.?’ CA retention was normalized to the total
amount of FVIIl determined by western blotting or by retention
on nitrocellulose (NC) membranes, which bind all cell proteins.
FVIII aggregation occurred upon increased FVIII synthesis
(supplemental Figure 1A-B) and inversely correlated with the
level of FVIII secretion (supplemental Figure 1C). Immunofluo-
rescence microscopy demonstrated similar diffuse ER localiza-
tion of FVIIl in H? and 10A1 cells characterized by colocalization
with KDEL-containing ER proteins (Figure 1Bi; supplemental
Figure 2i). NaB induction of FVIII synthesis in H? cells increased
FVIII staining that also colocalized with the KDEL ER marker
(Figure 1Bii), suggesting that ER retention occurs upon increased
synthesis. Energy depletion, with inhibitors of mitochondrial
oxidative phosphorylation and glycolysis, causes FVIII aggre-
gation and selectively inhibits FVIII trafficking to the Golgi.'2'4
Treatment of 10A1 cells or H9 cells with 2’'-deoxyglucose (2DG),
an inhibitor of glycolysis, and sodium azide (NaN3), an inhibitor
of oxidative phosphorylation, to deplete cellular energy caused
FVIII and KDEL-containing ER proteins to colocalize to large
perinuclear structures (Figure 1Biii; supplemental Figure 2i vs ii).
Thioflavin-S (Thio-S) selectively binds B-rich structures such as
amyloid and increases fluorescence intensity.?"?2 Intriguingly,
2DG and NaNj caused colocalization of Thio-S staining with
FVIII, suggesting that FVIIl in the ER has amyloid-like properties,
especially upon metabolic collapse. Surprisingly, upon replacing
the metabolic inhibitors with Glc-containing media for 4 hours,
FVIII and KDEL proteins resumed their diffuse web-like ER
colocalization, and Thio-S costaining was significantly reduced
in both H? and 10A1 cell lines (Figure 1Biv; supplemental
Figure Z2iii), suggesting at the morphological level that FVIII
aggregates disappear and may traffic the secretory pathway.

FVIIl aggregation was also analyzed by immunogold TEM. There
was insignificant FVIII reactivity in H9 cells not treated with
primary antibody (Figure 1Ci), CHO-K1 cells that do not express
FVIII (Figure 1Civ), and modest reactivity in H9 cells that were not
induced to express FVIII with SAHA (Figure 1Cii,v). Upon FVIII
induction by SAHA in H9 cells, FVIIl was detected in clusters
detected by 2 independent FVIII antibodies coupled to 12-nm
gold particles (Figure 1Ciii,vi). In addition, immunolocalization of
PDIA6 by secondary antibody conjugated to 18-nm gold par-
ticles demonstrated colocalization and clustering of FVIIl and an
ER-resident protein (Figure 1Ciii,vi [and magnified to the right of
the subpanels]).

The structure of purified FVIIl aggregates in NaB-treated H9 cells
was analyzed by conventional TEM and transmission cryo-EM.
After FVIIl induction, H9 cell lysates were sedimented on sucrose
gradients.” FVIII was immunoprecipitated from each fraction,
eluted from the beads, and analyzed by TEM and cryo-EM.
Fibrils of ~5-nm diameter were visible in negatively stained TEM
images from the heavy-molecular-weight (HMW) sucrose gra-
dient fractions (Figure 1D white arrows) from NaB-treated H9
cells, presumably representing aggregated FVIII. These fibrils
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Figure 1. FVIII forms amyloid-like fibrils in the ER. (A) Increased FVIII synthesis activates the UPR. H9 cells were treated with 5 mM NaB for increasing times to induce FVIII
expression and cell lysates prepared forimmunoblotting with indicated antibodies. (B) FVIIl aggregates within the ER lumen. H9 cells were cultured in: (i) complete media; (i) NaB
(5 mM) for 24 hours; (iii) Glc-free media containing 20 mM 2DG and 10 mM NaNj for 2 hours; or (iv) 2DG and NaNj treatment of 2 hours and then recovered in Glc-containing
media for 4 hours. Cells were fixed and stained with Thio-S (green) or antibodies for FVIII (red) and KDEL (blue); original magnification x40. (C) FVIII colocalizes with PDIA6. CHO-
K1 cells and H9 cells were treated without/with 5 uM SAHA for 24 hours, and ultrathin sections were prepared forimmunogold labeling and TEM by first staining with FVIIl primary
antibody using secondary antibody coupled to 12-nm gold particles. Subsequently, grids were stained with PDIA6 antibody using a secondary coupled to 18-nm gold particles: (i)
SAHA-treated H9 cells stained without primary antibody; (ii, v) untreated H9 cells; (iii, vi) SAHA-treated H9 cells (insets [panels on the right] show regions in subpanels iii and vi in
greater detail; scale bars, iii and vi, 50 nm); and (iv) SAHA-treated control CHO cells. Red and black arrows indicate FVIIl and PDIAé particles, respectively. Scale bars: i, ii, iv-vi:
200 nm; iii, 100 nm. (D-E) FVIII forms amyloid fibrils. H? cells were treated with 5 mM NaB for 24 hours; lysates were prepared and analyzed by sucrose gradient sedimentation.
FVIIl in each fraction was immunoprecipitated with FVIIl-monoclonal antibody-conjugated Sepharose beads. After IP, FVIIl was eluted and analyzed by negative-stain TEM (D)
and cryo-EM (E). Two images are shown for each. (D) Arrows indicate FVIIl fibrils in the HMW sucrose fractions. Scale bars: top, 50 nm; bottom, 100 nm. (E) Cryo-EM images of FVIII
reveal dense networks composed of ~5-nm wide fibrils. Scale bar, 100 nm. CHOP, C/EBP homologous protein; elF2a-P, phosphorylated eukaryotic initiation factor 2 a subunit;

UT, untreated.

were absent in FVIII similarly isolated from the light fractions,
which would contain monomeric FVIII (not shown). Cryo-EM
images of FVIII immunoprecipitated from HMW fractions dis-
played dense networks of fibrils with diameters of 5.1 = 0.5 nm.
The fibrils appeared to interact with each other in various ways
and form amyloid-like aggregates reminiscent of Poly-Q ag-
gregates observed by cryo-EM in mammalian cells?® (Figure 1E).
Antibody gold labeling for FVIII further confirmed that these
fibrils are composed of FVII. Importantly, no fibrils were de-
tected in fractions similarly prepared from H9 cells that were not
induced for FVIII expression (supplemental Figure 3). Therefore,
FVIII forms fibrils that are morphologically similar to those re-
ported for other amyloidogenic proteins.?42¢

Aggregated FVIII disassembles and refolds into
secreted functional protein

To examine the fate of FVIII aggregates in cells upon bio-
energetic collapse and recovery in Glc, we analyzed aggregation
by radiolabel pulse-chase experiments and filtration on CA and
NC membranes. Recombinant FVIII (rFVIIl) was filtered as a
control for properly folded FVIIl and did not bind CA membranes
(supplemental Figure 4A). 2DG and NaNj treatment decreased
cellular adenosine triphosphate (ATP) in H? cells by approxi-
mately fivefold (supplemental Figure 4B), and increased FVIII
retention on CA membranes (supplemental Figure 4A) in H? and
10A1 cells, which subsequently declined upon Glc recovery for

REVERSIBLE FVIIIl AMYLOIDOGENESIS IN THE ER

4 hours (supplemental Figure 4C). Treatment with autophagy
inhibitor 3-methyladenine or proteasome inhibitor Velcade did
not stabilize aggregates upon Glc repletion (supplemental
Figure 4C), suggesting that these processes do not significantly
contribute to eliminating the aggregates. 10A1 cells were pulse-
labeled for 20 minutes, chased in unlabeled medium for
20 minutes, and then treated with or without 2DG and NaN3 for
2 hours. After 2 hours, the cells were recovered in Glc-containing
medium for up to 4 hours. Cell lysates and conditioned me-
dia were analyzed by FVIII IP, sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), and autoradi-
ography. The same lysates were also filtered through CA and NC
membranes, which demonstrated aggregation after 2DG and
NaNj3 treatment and subsequent resolution upon Glc recovery
from 1 to 4 hours (Figure 2Ai). The pulse-chase demonstrated
that untreated 10A1 cells efficiently secreted FVIII at 4 hours
after the pulse label (Figure 2Aii lanes 1-3). In contrast, 2DG and
NaNj; treatment prevented secretion of the pulse-labeled FVIII
(Figure 2Aii lane 4). Upon Glc repletion, labeled FVIIl appeared
in the medium from 1 to 4 hours (Figure 2Aii lanes 5-8). The total
amount of labeled FVIII secreted after 4 hours closely approx-
imated that secreted from cells not treated with 2DG and NaN3
(100% vs 87%). Notably, recovery in Glc not only increased FVIII
secretion (Figure 2Aii lane 8), but also functional FVIII activity in
the medium (Figure 2Aiii). Addition of cycloheximide (CHX) to
inhibit new protein synthesis during the chase recovery reduced
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Figure 2. FVIIl aggregation is reversible upon restoration of Glc metabolism. (A) FVIIl aggregates disassociate and refold into functional secreted FVIIL. (i-iii) Kinetics of FVIII
aggregation and disaggregation upon altered Glc metabolism was characterized by simultaneous membrane filtration, pulse-chase analysis, and measurement of secreted FVIII
activity. (i-iii) The corresponding lane numbers are indicated below the image. 10A1 cells were pulse-labeled for 20 minutes with [*°S]-Met/Cys and then chased for 20 minutes
with media containing excess-unlabeled Met/Cys to compete synthesis of nascent chains (lane 1). Radiolabeled cells were then fed with complete media for indicated times (i,
lanes 2-3) or Glc-free media containing 20 mM 2DG and 10 mM NaN3 for 2 hours (i-ii, lanes 4-9). Radiolabeled [**S]-Met/Cys cell lysates and media were harvested after 2 hours
(lane 4) or allowed to recover in complete media (5 mM Glc) from 30 minutes to 4 hours (lanes 5-8), or complete media with 10 wg/mL CHX (lane 9). (i) At the indicated times, cell
lysates were analyzed by filtration on CA and NC membranes and probed with FVIIl and B-actin antibodies. (ii) FVIIl was immunoprecipitated from cell lysates and media for
analysis by SDS—polyacrylamide gel electrophoresis and autoradiography. FVIII HCs and LCs are indicated. The percentages of radiolabeled intracellular FVIIl and secreted FVIII
are shown relative to intracellular FVIIlin lane 1. (iii) Secreted FVIIl is functional by the activated partial thromboplastin time (@PTT) assay. (B) Inhibition of Glc metabolism and not
oxidative phosphorylation causes FVIIl aggregation. H9 cells treated with SAHA for 19 hours were subsequently treated with a mixture of 1 uM oligomycin A (Oligo) and 1 pM
rotenone (Rot) which are complex Il- and complex |-specific inhibitors of oxidative phosphorylation or 50 mM 2DG for indicated times (0-60 minutes). Cell lysates were filtered
through CA membranes and probed with FVIil antibody. Blue bars represent technical duplicates. (C) FVIIl aggregation is due to hydrophobic interactions. H9 cells treated with
SAHA for 22 hours were treated with 20 mM 2DG and 10 mM NaN3 for 2 hours. Treatment with tunicamycin (Tm), an ER stress inducer, started at 18 hours after SAHA. The
percentage of FVIII retention on CA membranes was normalized to FVIIl on NC membranes from technical duplicates. The longer exposure shows ~3% of the FVIIl aggregates

are resistant to 1% SDS.

the FVIII activity in the medium by ~50% (Figure 2Aii lane 9),
indicating that approximately one-half of the FVIII activity was
previously synthesized and was likely derived from FVIII ag-
gregates. These findings support the conclusion that FVIII in-
tracellular aggregates were dissolved and refolded for secretion
of active FVIII.

Glucose metabolism promotes FVIII solubility

We then tested whether glycolysis and/or oxidative phosphor-
ylation are required to prevent FVIIl aggregation using specific
inhibitors. Inhibition of Glc metabolism by 2DG immediately
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induced FVIII aggregation, where inhibition of oxidative phos-
phorylation by either oligomycin A (Oligo), a complex 5 inhibitor,
or a combination of Oligo with rotenone (Rot), a complex 1
inhibitor, had no effect (Figure 2B; supplemental Figure 4D),
indicating that Glc metabolism is required to solubilize FVIII. The
role of Glc metabolism in reducing FVIIl aggregates is under
investigation. In addition, treatment with reducing agents
dithiothreitol (DTT) or B-mercaptoethanol (3-ME) did not disrupt
the aggregates, suggesting that they do not result from in-
appropriate disulfide bond crosslinking (supplemental Figure
4E). However, the FVIIl aggregates in cell lysates were solubilized
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with 1% SDS prior to CA membrane filtration (Figure 2C), although
long exposure demonstrated that ~3% of the FVIII aggregates
were resistant to 1% SDS, suggesting that FVIIl aggregation is due
to hydrophobic interactions.

A B-sheet within the FVIIl A1 domain is necessary
and sufficient for FVIIl aggregation

We previously demonstrated that FV, which shares amino
acid homology with FVIII, is very efficiently secreted from
transfected mammalian cells compared with FVIIl and does
not significantly aggregate.?” To identify the cause for in-
efficient FVIII secretion and aggregation, we studied FVIII/
FV domain swap chimeras demonstrating that a 110-aa re-
gion (aa226-336) in the FVIII AT domain is responsible for the
inefficient secretion.?® Furthermore, we identified hydro-
phobic motif aa291-310 in FVIII, which was absent in FV, for
which mutations both enhanced (F309S mutation) or re-
duced (7LF>A mutation) secretion.'®?® Importantly, the
single mutation F309S, S being the homologous residue in
FV (Figure 3A), completely conferred the efficient secretion
of FV onto FVIII,"® suggesting that aa291-310 predispose to
FVIIl aggregation. Hence, we analyzed mutants thatincrease
(F309S and L303E/F309S [ES]), have a modest effect (L300V/
L303E/F309S [VES] and L294T/L303E/F309S [TES]), or de-
crease (7LF>A [7 mutations of L and F to A, underlined in
Figure 3A] and F306W) FVIII secretion by CA membrane
retention. Mutations that increased FVIII secretion (F309S
and ES) reduced retention and conversely, those that re-
duced secretion (7LF>A and F306W) increased retention
when expressed in COS-1 (Figure 3B-C), CHO-K1 (not
shown), or HepG2 (supplemental Figure 5) cells, indicating
that this region is necessary for FVIIl aggregation and is
independent of the host cell type.

To test whether residues in the FVIIl A1 domain are sufficient for
aggregation, we introduced 79 residues (aa253-331) (supple-
mental Figure 6A) in frame into the enhanced green fluorescent
protein (€GFP) fused to the human proinsulin C-peptide (Cpep)
containing a cMyc tag (herein, CMy) (Figure 3D). Antibody to
Cpep conveniently recognizes all of these chimeras. These 79 aa
were chosen because they comprise the copper ion ligands at
H267, C310, and H315 that might be important for maintaining
FVIII structural integrity (supplemental Figure 6A). These chi-
meras have no glycosylation sites or disulfide bonds, therefore
providing the ability to disentangle FVIII aggregation from
posttranslational modifications. Fluorescence microscopy dem-
onstrated significant green fluorescence in wild-type FVIII
(wtFVII)-eGFP-CMy expressing cells indicating that insertion of
these 79 aa did not disrupt eGFP synthesis and folding
(Figure 3E). Western blotting of cell lysates and media dem-
onstrated that, in contrast to eGFP-CMy, insertion of the FVIII 79
aa into eGFP-CMy severely inhibited secretion that was further
reduced by the multiple 7LF>A mutations (Figure 3F). In-
terestingly, secretion of the F309S and ES mutations in FVIII-
eGFP-CMy was increased compared with wtFVIIl-eGFP-CMy in
293T (Figure 3F) and HepG2 (supplemental Figure 7A-B) cells,
indicating that these 79 aa are necessary and sufficient to seed
aggregation. Notably, expression of FVIII-eGFP-CMy wt and all
mutants caused ER stress—monitored BiP induction in trans-
fected cells (Figure 3F). Thus, we propose that these 79 aa,
termed Aggron, seed FVIII amyloid formation.

REVERSIBLE FVIIIl AMYLOIDOGENESIS IN THE ER

Application of the Tango algorithm, which predicts cross
B-sheet propensity,? to the 79 aa identified 2 regions that can
form B-sheets (supplemental Figure 8). Although C310S
substitution did not alter the Tango plot, F309S or C310E
substitutions or the respective 79 aa from FV eliminated the
second B-sheet at F309. In contrast, F306W substitution,
which further reduces secretion, enhanced the peak at F309.
The F309S and C310E mutations in FVIlIl-eGFP-CMy were
expressed in 293T (Figure 3G-H) and HepG2 (supplemental
Figure 9) cells for analysis by CA membrane filtration and
sucrose gradient sedimentation. In contrast to eGFP-CMy
without the FVIII sequence, which migrated in light fractions
2-4, the majority of wtFVIlIl-eGFP-CMy migrated in heavy
fractions 5-10 (Figure 3H-l). Compared to wtFVIIl-eGFP-
CMy, ~10-fold more F309SFVIII-eGFP-CMy and C310EFVIII-
eGFP-CMy migrated in fraction 3 and ~20% less migrated in
heavy fractions 9-10, indicating improved solubility of these
mutants. These results support the validity of the Tango
analysis and show that both F309 and C310 significantly
contribute to FVIIl aggregation. The C310 mutants C310S and
C310E were both retained on CA membranes (supplemental
Figure 10), suggesting that FVIII-eGFP-CMy aggregation is
not mediated by an intermolecular disulfide linkage.

The aggregation properties of the 79 aa were further analyzed
by removing eGFP to study wt and F309S FVIII-CMy in context
of a smaller peptide (Figure 4A). For controls, CMy was
expressed alone or with insertions of eGFP (eGFP-CMy) or the
homologous residues from FV (FV-CMy). These polypeptides
were detected in transfected 293T cells by western blotting
(supplemental Figure 6B). Cpep enzyme-linked immunosor-
bent assay (ELISA) revealed that wtFVIII-CMy was poorly
secreted, where FV-CMy and F309S FVIII-CMy secretion was
approximately fivefold to ~10-fold greater (Figure 4B).
However, secretion of the unrelated controls CMy or GFP-
CMy was significantly further increased over FV-CMy and
F309S FVIII-CMy. Inversely correlating with secretion, wtFVIII-
CMy was retained upon CA membrane filtration, whereas
F309S FVIII-CMy retention was reduced to 60% (Figure 4C).
CA membrane retention of eGFP-CMy and FV-CMy was not
detectable (Figure 4C). Sucrose gradient sedimentation also
demonstrated reduced aggregation for F309S FVIII-CMy
(Figure 4D-E). We next tested whether the wtFVIII-CMy ag-
gregates have properties similar to full-length wtFVIIl ag-
gregates. Analysis of sucrose gradient fractions 3 and 10 from
293T cells that express wtFVIII-CMy demonstrated that
wtFVIII-CMy was sensitive to 1% SDS but resistant to DTT and
B-ME (Figure 4F). Together, these findings confirm that the 79
aa seed aggregation of structures that appear biochemically
similar to wtFVIII.

Because 2DG treatment of H9 cells caused wtFVIIl aggre-
gation, we tested whether 2DG causes the short wtFVIII-CMy
chimera to aggregate. Indeed, 2DG and NaNj treatment
increased wtFVIII-CMy aggregation monitored by CA mem-
brane filtration, with only a slight reduction in expression
(Figure 4G; supplemental Figure 6B). These metabolic in-
hibitors did not significantly cause aggregation of CMy, FV-
CMy, or eGFP-CMy. In addition, recovery of 2DG-treated cells
in Glc-containing media decreased wtFVIII-CMy aggregation
~50% (Figure 4G), consistent with observations of wtFVIIl in
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Figure 3. A short amino acid motif in the A1 domain seeds FVIIl aggregation. (A) Homology between human FVIIl and FV is shown between aa 291 and 310, with FVIII-F309
highlighted in red. (B-C) Mutations in the FVIIl A1 domain exhibit different secretion efficiencies. COS-1 cells were transfected with expression vectors encoding single or
multiple FVIII AT mutations. 7LF>A has 7 Phe or Leu mutations to Ala underlined in panel A. At 48 hours after transfection, intracellular and secreted FVIIl antigen were measured
by ELISA. (B) Secreted FVII relative to wtFVIIl is shown as mean plus or minus standard deviation (SD) from biological triplicates. The results represented are from 1 experiment
where similar results were reproducible in HepG2 cells (supplemental Figure 5). Statistical differences compared with wtFVIIl were quantified by 1-way ANOVA using GraphPad
Prism software: ****P < .0001; ***P < .001. Black bars represent biological replicates. (C) Lysates from transfected cells (the same as in panel B) were filtered through CA
membranes to measure FVIII retention. (D-G) Seventy-nine amino acid seed FVIII aggregation. (D) Schematic structure is shown for FVIIl-.eGFP-CMy chimeras. The FVIII 79 aa
were inserted in frame downstream of eGFP and upstream of the human proinsulin C peptide (Cpep) with a Myc tag (eGFP-CMy). The Myc tag is highlighted in purple and human
Cpep is in yellow. (E) wtFVIIl-eGFP-CMy-transfected cells were analyzed by fluorescence microscopy (fluorescence from enhanced green fluorescence protein; scale bar,
200 pm). (F-G) Mutations within 79 aa exhibit different FVIIl-eGFP-CMy secretion and aggregation. (F) Intracellular and secreted FVIIl-eGFP-CMy from 293T cells expressing
wtFVIIl-eGFP-CMy or different mutants (wt, 7LF>A, F309S, ES, VES, TES, and F306W) was analyzed by western blotting using Cpep antibody. The same membranes were probed
with BiP and vinculin antibodies. Relative protein secretion vs intracellular protein is shown from 1 experiment with biological triplicates. (G) The protein samples in panel F were
analyzed by filtration on CA membranes and probing with Cpep antibody. Similar results were observed in HepG2-transfected cells (supplemental Figure 7). (H-1) wtFVIII-eGFP-
CMy forms HMW complexes. Cell lysates from 293T cells expressing wtFVIlI-eGFP-CMy or mutant FVIIl-eGFP-CMy were subjected to 5% to 20% sucrose gradient sedimentation.
Proteins from fractions 1 to 10 were analyzed by western blot using Cpep antibody. The membrane was probed with vinculin antibody for loading control. The proportion of
protein in each fraction is indicated as a percentage of total and plotted in panel |. Red arrows indicate migration of soluble forms of F309S FVIll-eGFP-CMy and Cys310Glu
mutation of FVIII-eGFP-CMy (C310E FVIIl-eGFP-CMy). A similar finding was observed in HepG2-transfected cells (supplemental Figure 9). Frxn, fraction; nd, not determined; SP,
the proinsulin signal peptide; WCL, whole-cell lysate.

H? and 10A1 cells. This suggests that FVIII aggregation was
notsimply a consequence of altered glycosylation in response
to 2DG because wtFVIII-CMy contains no N-linked glycans.

CMy and full-length FVIIl or B-domain-deleted (BDD) FVIIl,
which aggregates similarly to FVIII (not shown), were coex-
pressed in 293T cells (supplemental Figure 11) and their in-
teraction was analyzed by coimmunoprecipitation (co-IP).

Finally, the potential of wtFVIII-CMy to form intermolecular
heterodimers/oligomers with FVIII was investigated. wtFVIII-
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Surprisingly, Cpep IP of the short chimera wtFVIII-CMy efficiently
pulled-down both wtFVIIl and BDD-FVIII (Figure 4H), suggesting
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Figure 4. Seventy-nine amino acids from FVIIl mediate Cpep-reversible aggregation upon restoration of Glc metabolism. (A) Schematic shows structure of the FVIII 79 aa
inserted in frame upstream of the human proinsulin C peptide (Cpep) with a Myc tag to generate wtFVIII-CMy. Cys329 at the carboxy terminus of the 79 aa in the FVIII A1 domain
was mutated to Gly to prevent aberrant disulfide bond formation (supplemental Figure 6A). (B-C) Seventy-nine amino acids from FVIIl cause Cpep aggregation. 293T cells were
transfected with indicated expression plasmids. (B) At 48 hours posttransfection, culture media was analyzed by Cpep ELISA and results presented secreted Cpep as mean plus
or minus SD on logg scale. Statistical analysis of secretion compared with wtFVIII-Cpep was performed by 1-way ANOVA using GraphPad Prism software. ****P < .0001. (C) At
48 hours posttransfection, cell lysates were analyzed for retention on CA membranes by probing with Cpep antibody. Data shown are from a representative experiment with
biological triplicates. eGFP-CMy and FV-CMy, constructed as similar as the FVIII-CMy chimera, transfection was included as another control. (D) wtFVIII-Cpep forms in HMW
complexes. Cell lysates from 293T expressing wtFVIII-CMy, F309S FVIII-CMy, and eGFP-CMy were analyzed by 5% to 20% sucrose gradient sedimentation as in Figure 3H. Protein
samples from 1 to 10 fractions were analyzed by western blotting using Cpep antibody. Sucrose gradient sedimentation of cell lysate from wtFVill-transfected cells was
performed in parallel. (E) The proportion of protein in each fraction is indicated as a percentage of total. Red arrows in panels D and E indicate migration of soluble forms of
F309S FVIII-CMy. (F) wtFVIII-CMy aggregation is mediated by hydrophobic interactions but not disulfide cross-links. Sucrose gradient fractions 3 and 10 were treated with/without
1% SDS or with reducing agents (10 mM DTT or 10 mM B-ME) before CA filtration and probing with Cpep antibody. Blue bars represent technical triplicates. The percentage
of FVIIl on CA membranes is shown as relative to untreated (UT). (G) Aggregation of wtFVIII-CMy is reversible and requires Glc. 293T cells expressing either CMy, wtFVIII-CMy, FV-CMy,
or eGFP-CMy were untreated or treated with Glc-free Dulbecco’s Modified Eagles Medium (DMEM) containing 20 mM 2DG and 10 mM NaNj for 2.5 hours. For repletion, the
2DG and NaN3z-containing medium was replaced with DMEM (25 mM glucose) and cells were cultured 4 hours. Finally, cell lysates were filtered through CA and NC membranes
and probed with Cpep antibody. Blue bars = technical triplicates. The percentage of aggregated wtFVIII-CMy is relative to untreated. (H) wtFVIII-CMy specifically interacts with
BDD and wtFVIIl. Cell lysates from cells cotransfected with wtFVIII-CMy and wtFVIII or BDD-FVIII were immunoprecipitated with Cpep antibody. Both input and Cpep-
immunoprecipitated protein were analyzed by western blot probed by FVIIl antibody (Baxter) and Cpep antibody. EV, empty vector; Frxn, fraction; SP, proinsulin signal peptide.

that these 79 aa interact in trans to alter the wtFVIIl folding
pathway.

BiP and CANX/CRT prevent FVIIlI aggregation in
the ER

Mass spectrometry of FVIII immunoprecipitated from control
CHO cells and H9 cells treated with NaB identified many ER
chaperones and enzymes that selectively interact with wtFVIIl
(supplemental Figure 12A-B). FVIIl interactions with BiP, CANX,
UGGT1, SEL1L, and PDIA6 were validated by FVIII IP and
western blotting (supplemental Figure 12C). PDIAé also colo-
calized with FVIII by immunogold TEM (Figure 1C).

REVERSIBLE FVIIIl AMYLOIDOGENESIS IN THE ER

The 2 most significant FVIII interactors were BiP/GRP78/HSPAS5
and its cochaperones (ERdj5, ERdj3, and GRP170) and CANX/
CRT with its associated factors UGGT1 and ERP57/PDIA3, raising
the question of whether these chaperones influence FVIII ag-
gregation. Complete inhibition of the CANX/CRT cycle with
castanospermine (CST), an inhibitor of a-glucosidase (GS1 and
GS2) activity, increased FVIII aggregation without altering
FVIII expression (supplemental Figure 13A-C), suggesting that
CANX/CRT prevents wtFVIII aggregation, possibly by binding
soluble monoglucosylated N-linked glycans on FVIIl. However,
CST treatment of cells expressing the wtFVIII-CMy short chi-
mera did not significantly increase wtFVIII-CMy aggregation
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Figure 5. Upon Glcreplenishment, BiP ATPase activity is required to solubilize wtFVIII-CMy. (A) BiP binds LMW-FVIII. Lysates from H9 cells treated with or without NaB were
subjected to sucrose gradient sedimentation, and FVIII from fractions 5 (light fraction [L]) and 10 (heavy fraction [H]) was immunoprecipitated. After elution, coimmuno-
precipitated BiP was analyzed by western blotting with FVIIl and BiP antibodies. (i) Western blots for FVIIl and BiP are shown for cell lysates. (i) Western blots are shown for FVIII IP
and post-IP supernatants. (B) The figure shows the crystal structure of BiP in the ATP-bound conformation. The white arrow indicates the cleavage site for SUbAB protease that
connects the nucleotide-binding domain (NBD; green) with the substrate-binding domain (SBD; yellow). The C-terminal lid is indicated in pink. The model is based on PDB-
6ASY % (C) BiP cleavage induces wtFVIIl aggregation. H9 cells were treated with 5 uM SAHA for 24 hours and BiP cleavage was initiated by treating cells with 1 or 2 wg/mL SubAB
(AB) or mutant SubA7,B (mt) for the last 2 hours of SAHA treatment. Top, CA membrane filtration of cell lysates shows relative levels of FVIIl aggregation compared with cells not
treated with SUbAB (UT). Bottom, Western blot is shown for cell lysates using indicated antibodies. The abundance of intact BiP (~75 kDa) was quantified relative to vinculin
(loading control) and is represented as a percentage of untreated. (D) BiP is required for disassociation of FVIIl aggregates. H9 cells treated with SAHA for 18 hours and then with
2DG and NaN3 for 2 hours in the absence of Glc. Then, Glc was repleted in the presence of either 2 pg/mL SubAB (AB) or SubA7,B (mt) or CST (100 and 200 wM) for 4 hours. Cell
lysates were filtered through a CA membrane and analyzed by blotting. The percentage of FVIIl aggregation was quantified from the FVIII signals on CA relative to western
blotting compared with untreated control. C-ter BiP is SubAB cleaved C-terminal BiP. (E) BiP inactivation induces wtFVIII-CMy aggregation. 293T cells expressing wtFVIII-CMy
were treated with or without SubAB or mtSubAB (2 wg/mL) for 2.5 hours and then harvested for western blotting and CA membrane filtration. The relative wtFVIII-CMy western
blot intensities were normalized to vinculin. CA intensities were normalized to FVIIl western blot intensities. Black bars = biological duplicates; blue bars = technical triplicates.
These data are a representative experiment with biological duplicates. (F) wtFVIII-CMy interacts with BiP. Cell lysates from 293T cells expressing wtFVIII-CMy and BiP-Flag (BiP-F)
or BiP-Flag (V461F) (BiPmt-F), a peptide-binding defective mutant, were used for Flag IP. After IP and blotting, BiP was detected with Flag antibody (top) and FVIII-CMy with Cpep
antibody (bottom) to compare untreated cells and cells treated with 2DG and NaNj3 for 2.5 hours. LC and HC represent immunoglobulin light and heavy chains of Flag antibody.
Ul, uninduced.

(supplemental Figure 13D-E), confirming that aggregation of the
79 aa is not due to altered glycosylation because this chimera
has no N-glycans.

To study the role of BiP in FVIII aggregation, we analyzed
whether BiP binds to low-molecular-weight (LMW) and/or HMW
FVIII species. Cell lysates from NaB-treated H9 cells were ana-
lyzed before (Figure 5Ai) and after sucrose gradient sedimen-
tation (Figure 5Aii) by FVIII IP and western blotting. Although
similar amounts of FVIII migrated in LMW fraction 5 (L) from both
untreated and NaB-treated H9 cells (Figure 5Aii lanes 1, 3), there
was a vast amount of FVIIl in the HMW fraction 10 (H) (Figure 5Aii
lane 2), with even more upon NaB induction (Figure 5Aii lane 4).
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FVIII IP and western blotting demonstrated detectable BiP in-
teraction only with the LMW fraction 5 of FVIII from NaB-treated,
and not in untreated, H9 cells (Figure 5Aii lanes1, 3). BiP was
not detected in the HMW fraction (Figure 5ii lanes 2, 4), nor did
we detect BiP in the postimmunoprecipitation (post-IP) HMW
sucrose fraction supernatant (Figure 5Aii lanes 6, 8). Signifi-
cantly, the majority of BiP was detected in the FVIII post-IP
supernatant in the LMW fraction (Figure 5Aii lanes 5, 7). Col-
lectively, these data suggest that BiP preferentially associates
with LMW FVIII.

To further analyze how BiP impacts FVIIl aggregation, we used
the Shiga-toxic Escherichia coli virulence factor SubA;7,Bq:

POOTHONG et al
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(SubAB), which specifically and acutely cleaves at a single site in
the hydrophobic linker that connects the BiP amino-terminal
ATPase domain with the substrate-binding domain (Figure
5B).3031 As control, cells were treated with a protease-mutant
SubAB. Treatment of cells with 1 or 2 pg/mL of the active
protease acutely cleaved ~35% and ~85% of BiP, respectively,
and increased FVIII aggregation detected by retention on CA
membranes (Figure 5C), suggesting that intact BiP, but not
cleaved BiP, prevents FVIIl aggregation. BiP cleavage was as-
sociated with UPR activation by induction of phosphorylated
eukaryotic initiation factor 2 a (P-elF2a) and CHOP (Figure 5C),
consistent with previous findings.3?

Although these results indicate that BiP and CANX/CRT prevent
FVIII aggregation, they do not address their role in disaggre-
gation. Hence, we treated H9 cells with NaB for 18 hours with the
last 2 hours in the presence of 2DG and NaNj3 to induce maximal
FVIII aggregation. Then, fresh media with Glc were added for
4 hours in the presence or absence of SubAB protease or CST.
Although 2DG and NaNj3 reduced FVIil expression, BiP cleavage
prevented the Glc-dependent dissociation of FVIII aggregates
(Figure 5D). In contrast, inactivation of the CANX/CRT cycle by
CST did not significantly prevent disaggregation. Collectively,
we conclude that BiP, and not CANX/CRT, is required to dis-
aggregate polymerized FVIII.

To evaluate the role of BiP in preventing FVIIl aggregation,
BDD-FVIII, for which aggregation is induced by BiP inactivation
similarly to wtFVIII (supplemental Figure 11), was coexpressed
with Flag-tagged BiP (BiP-F), mutant V461FBiP-Flag (BiPmt-F),
which is peptide-binding defective,* or Myc-tagged BiP (BiP-
M).** Forced expression of BiP-F or BiP-M did not alter BDD-
FVIIl expression, although they significantly reduced BDD-FVIII
aggregation measured by retention on CA membranes (sup-
plemental Figure 14). In addition, the V461F mutant BiP was
partially defective in preventing BDD-FVIII aggregation. Thus,
we conclude that BiP requires its peptide-binding site to ef-
ficiently promote FVIII solubility in the ER.

We next tested whether BiP cleavage by SubAB impacts ag-
gregation of the wtFVIII-CMy chimera. 293T cells expressing
wtFVIII-CMy were treated with mt or wtSubAB. After 2.5 hours,
~40% to 50% of BiP was cleaved without affecting wtFVIII-CMy
expression (Figure 5E top). Compared with mtSubAB treatment
control, wtFVIII-CMy aggregation increased ~60% upon BiP
cleavage (Figure 5E bottom). Although SubAB inhibits secretion
of immunoglobulin,®* secretion of eGFP-CMy was not reduced
(supplemental Figure 15A-B), indicating that the secretory
pathway remained intact. Collectively, these findings show that
intact BiP prevents aggregation of wtFVIII-CMy through in-
teraction with the BiP peptide-binding site.

BiP interacts with wtFVIII-CMy to prevent
aggregation

We finally tested whether BiP binds to the 79 aa by coexpression
of wtFVIII-CMy with BiP-F or the peptide-binding defective
BiPmt-F.3 Indeed, Flag IP of BiP coimmunoprecipitated wtFVIII-
CMy (Figure 5F), suggesting a direct interaction between BiP
and the 79 aa of FVIII. In contrast, Flag IP of mutant BiPmt-F did
not co-IP. However, treatment with 2DG and NaN; did not
significantly increase the BiP-wtFVIII-CMy interaction, consistent
with the notion that SubAB toxin cleavage of BiP induces wtFVIII-

REVERSIBLE FVIIIl AMYLOIDOGENESIS IN THE ER

CMy aggregation, as we could not detect BiP binding to HMW
FVIII aggregates (Figure 5A). However, mutations that reduce
FVIII-CMy aggregation did not detectably alter BiP interaction
measured by co-IP (not shown). It is likely that BiP binds multiple
sequences so mutations that reduce aggregation do not alter
BiP interaction, as previously suggested.®*3¢ These findings
support the conclusion that BiP binds 79 aa in wtFVIII-CMy to
prevent aggregation.

Discussion

FVIIl forms reversible amyloid-like aggregates in
the ER

FVIIl is poorly secreted due to retention in the ER. Here, we
provide significant insight into the mechanism for FVIII retention
in the ER. We demonstrated that FVIII forms amyloid-like fibrils in
the ER when expression is constitutively high and, to a greater
extent, upon increased synthesis. In addition, inhibition of Glc
metabolism, but not oxidative phosphorylation, causes FVIII
aggregation and reduces secretion. The following characterize
the demonstrated amyloid fibril properties of these aggregates:
(1) sucrose gradient fractionation of cell lysates, FVIIl pulse-chase
labeling and IP, negative-stain TEM, and cryo-EM, which iden-
tified ~5-nm fibrils and fibril networks only in the very HMW
gradient fractions; (2) FVIII colocalization with Thio-S in the ER; (3)
FVIIl retention on CA membranes; (4) immunogold TEM showing
FVIII clustering with the ER-localized PDIA6; and (5) sensitivity to
1% SDS, although a small fraction (~3%) was resistant, possibly
analogous to prefibrillar conversion to fibrillar amyloid structures
that undergo transition from SDS-sensitive to SDS-resistant
forms.3”* Other than immunoglobulin LC and HCs,*? this rep-
resents a unique example of amyloid-like aggregates formed in
the ER. Remarkably, unlike other amyloids, FVIII aggregates
were reversible upon Glc supplementation and were recovered
as functional FVIII secreted into the medium. To our knowledge,
this is the first example of reversible amyloidogenesis leading to
proper folding of a protein in metazoans.

BiP and CANX/CRT prevent FVIIlI aggregation
Mass spectrometry demonstrated FVIII interaction with BiP and
CANX/CRT. Here, we show that CANX/CRT interaction reduces
wtFVIIl aggregation, similar to other glycoproteins.®®4" BiP
preferentially binds to LMW FVIII and not HMW FVIII aggre-
gates. BiP inactivation increased FVIII aggregation, and forced
BiP expression reduced FVIII aggregation. Thus, BiP is required
to prevent FVIII aggregation and/or to mediate disaggregation.
It was shown that increased BiP expression inhibits wtFVIII se-
cretion.” However, contrary to what we expected, increased
BiP expression prevented wtFVIIl aggregation and retained
soluble LMW FVIIl in the ER. From these findings, we propose a
model for BiP function in preventing FVIII amyloid formation
(Figure 6A).

Identification of the B-aggregate-seeding motif in
the FVIII A1 domain

To further characterize FVIII aggregation, we identified 79 aa in
the A1 domain that seed B-aggregation. Expression of a chi-
meric polypeptide (wtFVIll-eGFP-CMy or wtFVIII-CMy) recapit-
ulated the major aspects of wtFVIIl aggregation including: (1)
wtFVIII-CMy aggregated in response to glycolysis inhibition and
(2) wtFVIII-CMy aggregated in response to BiP cleavage and
inactivation by SubAB cytotoxin. In addition, we show that the
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Figure 6. Models depict mechanism for reversible
FVIII amyloid formation and for impact of F309S
mutation on FVIIl structure. (A) BiP regulates re-
versible FVIII amyloidogenesis in the ER lumen. Once
nascent FVIII (A1-A2-B-A3-C1-C2) translocates into the
ER lumen, it undergoes N-linked core oligosaccharide
addition and disulfide bond formation. Glycosylated
FVIII subsequently interacts with the lectin chaperones
CANX/CRT and the peptide-binding protein BiP. BiP
binds FVIII within a short sequence aggregating motif
(Aggron) in the A1 domain to facilitate folding by

—> RVl preventing aggregation and stabilizing soluble mis-

.',..'.' Secretion folded, but folding-competent, FVIIl. Upon release from
*e CANX/CRT correctly folded FVIII (soluble) traffics to the

Golgi compartment. Glc supplementation produces
ATP by glycolysis to activate the BiP ATPase cycle (client
binding and release®) that stimulates FVIII disaggre-
gation and BiP release for FVIIl folding and secretion as
a functional clotting factor. Under proteostatic stress,
such as increased FVIII expression, metabolic collapse
or BiP depletion, FVIII misfolds and forms amyloid-like
fibrils due to antiparallel B-sheet polymerization initi-
ated by the Aggron (aa 253-331) in the FVIII A1 domain.
The Aggron- and BiP-binding site in the AT domain
overlap is indicated by the red circle. Red lines depict
pathways of aggregation; green lines depict productive
folding. (B) F309S reduces amyloidogenesis as well as
Cu™ interaction with C310. The 3-dimensional FVIII
structure (A1-A2-A3-C1-C2 domains)'¢'” is shown where
the 79 aa (residues 253-331) in the Al domain are
colored cyan also showing the phenylalanine (F, white)
residue 309 and cysteine (C, red) residue 310 in the A1
domain. The Cu* ions in the A1 and A3 domains are
colored yellow. This predicted FVIII crystal structure was
processed using Jsmol software. We propose that the
hydrophobic patch aa 253-331 enforces tight Cu* in-
teraction with C310. Mutation of F309S (S being the
homologus residue in FV that does not ligand copper
ion) reduces FVIIl aggregation and increases secretion.
From the FVIIl crystal structure, mutant F309S replaces a
large hydrophobic side chain with a smaller polar one.
Therefore, F309 FVIIl would bind copper ion more avidly
than S309 FVIII, although at the same time increasing
aggregation propensity. ADP, adenosine 5'-diphosphate;
HS/SH, thiols; Pi, phosphate.

79-aa motif interacts in trans with wtFVIIl and BDD-FVIII as well
as with the peptide-binding site on BiP. We propose that BiP
binding to the FVIIl aggregate-seeding region, Aggron, pre-
vents aggregation, consistent with previous reports of other
proteins.34243 As BiP prevents FVIII aggregation, it is in-
teresting to note that 3 BiP cochaperones, ERd]3, ERdj5, and
GRP170, the latter 2 of which interact with aggregation-prone
sequences,*® were also identified as significant interactors with
wtFVIII. Although previous studies linked cochaperone inter-
actions with ER-associated degradation, FVIIl is not signifi-
cantly degraded by ER-associated degradation, but rather is
secreted. Present studies are testing the significance of these
cochaperone interactions. Importantly, without the complica-
tion from glycosylation sites and disulfide bonds, wtFVIII-CMy
did not aggregate upon inhibition of the CANX/CRT cycle,
implicating the glycans as important for wtFVIIl solubility. Fi-
nally, these observations on FVIIl aggregation were cell-type
independent as they were observed in CHO, 293T, COS-1, and
HepG2 cells.
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Can FVIII aggregation impact human HA gene
therapy?

At least 3 HA gene therapy clinical trials are in progress de-
livering BDD-FVIII in adeno-associated viral vectors (AAVs) to
hepatocytes (https://clinicaltrials.gov/ct2/results?term =hemo-
philia+a+gene-+therapy). One report demonstrated significant
success in 9 men with severe HA at 1 year after virus delivery to
obtain 100% FVIII levels in the blood.** However, a more recent
update indicated the FVIII levels in the high-dose cohort (613
vector genomes per kilogram) decreased ~50% after year 2,%°
which is unusual compared with the stable expression observed
in other hepatocyte-directed AAV gene-therapy trials.*¢4” All of
the properties of wtFVIII misfolding and aggregation also exist
for BDD-FVIII that is presently used in HA gene-therapy clinical
studies.” It should be considered that the decline in FVIII ex-
pression may reflect toxicity of aggregated BDD-FVIII in hepa-
tocytes. In addition, endogenous FVIII is not likely expressed
in hepatocytes, but rather in Kupffer cells and sinusoidal
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endothelial cells,*-° which may harbor machinery to efficiently
fold FVIII. We also observed aggregation of BDD-FVIII in hepa-
tocytes of mice that received BDD-FVIII DNA expression
vectors (data not shown). In addition, ER stress was induced in
livers upon DNA delivery of BDD-FVIII to mice in vivo,? con-
sistent with ER stress detected upon AAV delivery of BDD-FVIII.
5152 Recently, it was shown that ER protein misfolding in hepa-
tocytes with subsequent inflammation caused by a high-fat diet
in mice can initiate nonalcoholic fatty liver disease with pro-
gression to nonalcoholic steatohepatitis and hepatocellular
carcinoma.® Thus, it will be important to monitor liver function in
the HA gene-therapy studies.

Importantly, why does FVIII harbor an Aggron in the A1 domain?
Intriguingly, the Aggron includes Cys310, which ligands Cu™ in
functional wtFVIIL.™> Of all amino acid variants that reduce FVIII
aggregation and improve secretion, F309S was the most ef-
fective. Previously, it was demonstrated that F309S FVIII exhibits
clotting factor-specific activity, thermal denaturation, and
thrombin activation indistinguishable from wtFVIII.'3 However,
F309S FVIII was 10-fold more sensitive to EDTA inactivation,
which presumably extracts Cu*. The F309S mutation substitutes
a large, hydrophobic side chain with a smaller, more polar, one,
and may increase flexibility to relax the C310 interaction with
Cu* (Figure 6B). Although the potential of neoantigenicity of
F309S mutation has not been addressed, F309 is buried within
the FVIII 3-dimensional structure''” and may not be accessible
to the immune response. Because F309S FVIIl and F309S BDD-
FVIII function identically to wtFVIIl and BDD-FVIII, respectively,
display lesser aggregation and lesser UPR activation, and are
secreted more efficiently, they may be considered an alternative
choice to wtFVIIl or BDD-FVIII for HA gene therapy. Finally,
along these lines, because increased plasma FVIII levels asso-
ciate with venous thrombosis,>*% our findings should encourage
evaluating whether F309S FVIII mutation associates with
thrombosis in humans.
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