
significance of somatic alterations within
the context of a known familial syndrome.
Awareness of syndrome-specific hemato-
poietic and extra-hematopoietic com-
plications, such as platelet dysfunction
in RUNX1 mutation carriers or predispo-
sition to liver cirrhosis in telomere biology
disorders, will impact management and
disease surveillance. Finally, accurate
genetic diagnosis is important for treat-
ment decisions, including donor choice,
and, in certain situations, the timing and
choice of a conditioning regimen for al-
logeneic transplantation.

To accomplish all of this, we have to
get better at performing and interpret-
ing germline variant testing. The gold
standard of cultured skin fibroblasts
takes several weeks and requires a fa-
cility to culture skin fibroblasts. If not
started soon after AML diagnosis, test-
ing may lead to a costly delay at the time
of transplant evaluation for an AML patient.
As we enter the golden age of AML pre-
disposition genetics, we need improve-
ment in 3 major areas. To expand, simplify,
and speed up genetic evaluation, "somatic"
NGS panels could be expanded to en-
hance the capture of genes linked toMDS/
AML germline predisposition syndromes.
When nonpolymorphic variants in RUNX1
or other predisposition-associated genes
are identified in a blood or marrow speci-
men, we need to have protocols to ensure
appropriate reflexing to confirmatory germ-
line testing. Finally, a centralized, expert-
run variant interpretation service could go
a long way toward expanding access to
evidence-based variant interpretation for
rare and emerging MDS/AML predispo-
sition syndromes.
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Clogging up the pipeline:
factor VIII aggregates
Denise E. Sabatino | The Children’s Hospital of Philadelphia; University of
Pennsylvania

In this issue of Blood, Poothong and colleagues report that increased ex-
pression of factor VIII (FVIII) can activate the endoplasmic reticulum (ER)
stress response through the formation of amyloid-like fibrils that prevent the
further trafficking and secretion of the protein. This study provides insights
into the factors that influence the effective secretion of FVIII that may have
implications for in vitro protein production systems and in vivo gene therapy.1

FVIII deficiency causes the bleeding dis-
order hemophilia A. It has been known
for decades that FVIII is a difficult protein
to express both in vitro and in vivo. The
first observations were made in vitro in the
setting of recombinant protein production.
Stable mammalian cell lines (such as Chi-
nese hamster ovary cells, baby hamster
kidney cells) were established to synthesize
FVIII for the purpose of recombinant protein
production used to treat hemophilia A pa-
tients. However, the yield of FVIII from these
cells was low due to poor expression of the
protein. Studies suggested that this low
yield may be due to low FVIII messenger
RNA levels or poor secretion of FVIII.2

FVIII circulates in the plasma at a con-
centration of 0.1 to 0.2 mg/mL, which is
the lowest concentration of all coagula-
tion factors by at least a 10-fold margin.
Early work by Kaufman and colleagues
compared FVIII to factor V (FV), which has
a similar domain structure and protein
size. Even in the setting of identical in

vitro expression systems, FV was expressed
at 5- to 10-fold higher levels than FVIII,
suggesting a unique feature of FVIII that
prevents effective expression of the protein.3

Studies to investigate the cellular pro-
cessing of FVIII revealed that high-level
expression of FVIII can cause ER stress
and activate the unfolded protein re-
sponse (UPR).4 The UPR is a strategy used
by the cells to adapt to cellular stress;
however, under conditions of prolonged
activation, the cell may undergo apoptosis.
In the current study by Poothong et al,
several factors that influence FVIII protein
misfolding and activation of the UPR
pathways are uncovered. When FVIII syn-
thesis is increased or glucose metabolism
is inhibited, FVIII aggregates into amyloid-
like fibrils that accumulate in the ER. The
study also demonstrates that a specific
region of the FVIII A1 domain appears to
be responsible for the initiation of the
amyloid formation. Further analysis com-
paring FV with FVIII pinpointed specific
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residues that impact the aggregation
and secretion of FVIII. Importantly, the
chaperone protein BiP bound to this
motif in the A1 domain and prevented
aggregation of FVIII. However, under
conditions of cellular stress such as in-
creased FVIII expression, FVIII may ac-
cumulate in the ER, which may saturate a
BiP-dependent mechanism that prevents
aggregation. Interestingly, it appears that
this may be a dynamic process that could
be reversible (see figure).

Although the focus of the current studies
is in vitro, the findings may have signifi-
cant implications for clinical studies of
gene therapy for hemophilia A. In both
hemophilia A mouse and dog preclini-
cal models, it is challenging to express
therapeutic levels of FVIII after adeno-
associated viral vector (AAV)-mediated
gene delivery compared with AAV de-
livery of factor IX. Current approaches
to express FVIII use robust hepatocyte-
specific promoter elements and codon-
optimized gene sequences in an effort to
increase FVIII expression. In comparison
with the first-generation FVIII transgene
constructs, this has led to an increase in
FVIII expression per transgene, which
increases the FVIII load per cell. In ad-
dition, because the AAV vector trans-
duction may result in different numbers
of vectors delivered per cell, the levels of
FVIII expression per cell is likely hetero-
geneous. However, careful evaluation of
the FVIII distribution throughout the liver
tissue after AAV gene delivery has not
been performed. The ongoing clinical

studies for AAV delivery of FVIII show
promising efficacy data with a median
FVIII level of 60%of normal activity (range
11% to 95%) at 1 year after vector ad-
ministration with no major safety con-
cerns; however, there was a loss of FVIII
expression in the majority of the subjects
(10 of 13 subjects) that occurred after
the first year.5 This was not observed in
preclinical studies in hemophilia A dogs
that were followed for up to a decade;
however, these dogs were treated with
first-generation FVIII transgene con-
structs that did not express FVIII at high
levels and resulted in more modest
therapeutic FVIII levels of ,10% of nor-
mal levels.6,7 It is unclear if the total FVIII
expression level or the expression on a
cellular basis is an important consider-
ation for gene-based therapeutics. The
studies presented here suggest that 1
hypothesis for the decline in FVIII ex-
pression could be that high-level FVIII
expression within a cell results in the
accumulation of FVIII aggregates that
leads to a cellular stress response. It
is also important to note that current
clinical gene therapy efforts target
expression to hepatocytes that are not
the native site of FVIII expression, and it
remains unknown if there may be differ-
ences in the cellular stress response to FVIII
in the endogenous site of FVIII synthesis,
the liver sinusoidal endothelial cell.8,9

One of the outstanding questions is to
understand if this phenomenon indeed
occurs in vivo. Although it is possible that
the secretion of FVIII is impaired due to

aggregation in vivo, it will be important
to understand if this affects the outcome
in the setting of gene therapy. Although
the in vitro data provided by Poothong
et al suggest that FVIII aggregation is
dependent on the FVIII expression levels,
it will be essential, yet more challenging,
to understand if this dose-dependent
effect occurs in vivo. Moreover, it will
be important to determine if this bot-
tleneck can be overcome in the setting of
gene delivery. Modifications of key resi-
dues in the FVIII protein may prevent
aggregation and improve FVIII secretion.
Several mutations of FVIII based on the
FV amino acid sequence (F309S and
L303E/F309S) showed reduced aggre-
gation and increased FVIII secretion in
this study. These and other variants of
FVIII that result in improved expression
may provide a strategy to improve the
cellular trafficking of FVIII and avoid ac-
tivation of the UPR, which may impact the
outcomes of gene therapy.
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Model for the intracellular trafficking of FVIII that can result in the formation of aggregates. The FVIII polypeptide chain enters the ER where chaperone proteins facilitate folding
and stabilize FVIII. In the setting of increased FVIII expression, FVIII can misfold and form aggregates. The formation of these amyloid-like aggregates may be reversible under
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