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Hemophilia A gene therapy targets hepatocytes to express B
domain deleted (BDD) clotting factor VIII (FVIII) to permit
viral encapsidation. Since BDD is prone to misfolding in the
endoplasmic reticulum (ER) and ER protein misfolding in he-
patocytes followed by high-fat diet (HFD) can cause hepatocel-
lular carcinoma (HCC), we studied how FVIII misfolding im-
pacts HCC development using hepatocyte DNA delivery to
express three proteins from the same parental vector: (1)
well-folded cytosolic dihydrofolate reductase (DHFR); (2)
BDD-FVIII, which is prone to misfolding in the ER; and (3)
N6-FVIII, which folds more efficiently than BDD-FVIII. One
week after DNA delivery, when FVIII expression was undetect-
able, mice were fed HFD for 65 weeks. Remarkably, all mice
that received BDD-FVIII vector developed liver tumors,
whereas only 58% of mice that received N6 and no mice that
received DHFR vector developed liver tumors, suggesting
that the degree of protein misfolding in the ER increases pre-
disposition toHCC in the context of anHFD and in the absence
of viral transduction. Our findings raise concerns of ectopic
BDD-FVIII expression in hepatocytes in the clinic, which poses
risks independent of viral vector integration. Limited expres-
sion per hepatocyte and/or use of proteins that avoid misfold-
ing may enhance safety.

INTRODUCTION
Hemophilia A (HA) is an X chromosome-linked bleeding disorder
affecting 24.6 per 100,000 males at birth that results from deficiency
of clotting factor VIII (FVIII).1 Protein replacement therapy with
recombinant FVIII has significantly reduced morbidity and mortal-
ity associated with HA, although concerns remain. First, anti-FVIII
inhibitory antibodies develop in �25% of patients.2 Second, recom-
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binant FVIII protein bears a high cost with limited availability due
to low and variable production from mammalian host cells.3 FVIII
secretion from mammalian cells is inefficient, partly due to FVIII
protein misfolding, aggregation, and retention in the endoplasmic
reticulum (ER).4 Misfolded FVIII activates the unfolded protein
response (UPR) to resolve defective protein folding. However,
upon chronic protein misfolding in the ER, the UPR shifts to an
apoptotic program.

FVIII is a 330-kDa glycoprotein composed of three major domains
(A1-A2-B-A3-C1-C2).5 It is primarily produced by liver sinusoidal
endothelial cells.6 The amino acid (aa) sequences in the A and C do-
mains exhibit 40% aa identity between species, whereas the �900 aa
sequences within the large B domain show no homology other than a
conserved large number (18) of N-linked oligosaccharides that are
also observed in the B domains of FVIII from different species, as
well as in the homologous clotting factor V. B domain-deleted
FVIII (BDD),7,8 A1-A2-A3-C1-C2 (Figure 1), is functional and
similar to Refacto, used for protein replacement therapy for HA in
the clinic (i.e., SQ-BDD-FVIII; Pfizer).10–12 The only difference be-
tween BDD and SQ-BDD is that SQ-BDD contains an extra 14 aa
linker (SFSQNPPVLKRHQR) at the junction between the A2 and
erican Society of Gene and Cell Therapy.
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Figure 1. Hepatocyte responses to wtFVIII, BDD, and N6 upon

hydrodynamic tail vein injection of vector DNA into mice

Relative FVIII secretion efficiency, activation of the UPR, production of reactive

oxygen species (ROS), induction of apoptosis, and the ability for antioxidant

butylated hydroxyanisole (BHA) to improve secretion were shown by us previously.9

a1-3 = acidic regions. N-glycosylation sites (N-gly) and disulfide bonds (s-s) are

depicted. Red bracket indicates residues from the B domain of wtFVIII that were

retained in N6.
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A3 domains.13,14 Subsequent codon optimization improved SQ-BDD
production leading to its use in ongoing HA gene therapy clinical
studies.13–17 SQ-BDD is used for gene therapy via adeno-associated
viral (AAV) vectors because the size of full-length FVIII is beyond
the packaging limit of the vector genome, which is <5 kb.16 However,
BDD exhibits similar misfolding as intact FVIII, activates the UPR,
and leads to hepatocyte death upon in vivo DNA vector delivery to
hepatocytes in mice.9 Besides BDD, we described a partial B domain
deletion molecule, herein (N6), that retains an additional 226 aa with
6 N-linked glycosylation sites18 (Figure 1), and is secreted almost
10-fold more efficiently than full-length FVIII or BDD,9 presumably
because the 6 N-glycans engage the intracellular lectin chaperone ma-
chinery, that was demonstrated to enhance FVIII trafficking from the
ER to the Golgi compartment.19–24 Thus, N6 is secreted more effi-
ciently and causes less UPR activation than BDD (Figure 1).

Presently, there are numerous ongoing liver-directed gene therapy clin-
ical studies to deliver codon-optimized SQ-BDD via AAV to hepato-
cytes inmenwith severeHA. Initial results appeared to be very success-
ful, with correction of FVIII levels into the normal range during the first
year.14,15 Unfortunately, elevated liver enzyme levels were observed in
the first year, and at a 5-year25 follow-up, FVIII expression levels grad-
ually declined to the lower end of the therapeutic range, starting in the
second year.26–29While immune response to the AAV vector is known
to play an important role in liver pathology and the decline in FVIII
expression in the clinical setting,17,30 it is possible that FVIII misfolding
and UPR activation impact hepatocyte function, health, and/or sur-
vival. Therefore, there is an urgent need to understandmechanisms un-
derlying inefficient FVIII secretion26–28 and the long-term pathologic
effect of ectopic expression of FVIII in hepatocytes in vivo.

Previously, we demonstrated feeding a high-fat diet (HFD) to mice
that transiently over-express liver-specific urokinase-type plasmin-
ogen activator (uPA)-transgenic mice, which misfolds in the ER,
initiates development of non-alcoholic steatohepatitis (NASH) and
hepatocellular carcinoma (HCC).31 Thus, it appears that either tran-
sient expression of a misfolded protein in the ER that activates the
UPR followed by an HFD can initiate HCC development or there
are unique properties of uPA that drive HCC progression. These find-
ings led us to test whether transient hepatocyte expression of FVIII
molecules with different folding efficiencies in the ER may also pro-
mote HCC in mice.

Here we studied the long-term outcome of transient expression of
BDD, which aggregates in the cell and activates the UPR,32 and N6
that displays reduced aggregation and UPR activation.9,18 We deliv-
ered BDD and N6 expression vectors to murine livers by tail vein hy-
drodynamic DNA injection. These mice were then fed an HFD for
65 weeks starting at 1 week after vector DNA injection when FVIII
expression was undetectable. We observed greater tumor formation
in BDD vector-injected mice than N6 vector-injected mice. For the
first time these findings support the notion that the degree of ER pro-
tein misfoldingmay be a significant factor in liver disease progression.
Our findings point to a potential risk regarding ectopic expression of
FVIII in hepatocytes in the context of HA gene therapy.

The potential for hepatic gene transfer to contribute to formation of
HCC continues to be widely debated.33,34 For instance, a recent study
found that AAV gene transfer to adult murine livers may cause HCC
when animals receive an HFD.35 Hence, the combination of low-
grade viral vector integration with the diet-induced hepatic steatosis
and injury to the liver raises the risk of liver cancer formation. Herein,
we found that even transient expression of a protein that is prone to
misfolding and induction of ER stress (BDD-FVIII) in hepatocytes of
adult mice is a trigger for HCC formation when followed by an HFD
diet in the absence of viral delivery. Thus, this fundamentally new
concept of protein expression-derived cellular stress predisposing to
malignancy when followed by diet-induced inflammation is indepen-
dent of molecular events caused by viral vectors. Importantly, the risk
for HCC formation was reduced when a variant of FVIII was ex-
pressed that shows enhanced folding and secretion.

RESULTS
FVIII forms aggregates that resolve at 1-2 h following energy

repletion

Stable expression of BDD and N6 FVIII in Chinese hamster ovary
(CHO) cells demonstrated that N6 expression was tolerated at an
�10-fold greater level than BDD.18 We previously characterized
full-length FVIII aggregation by filtration of cell lysates through
nitrocellulose (NC) membranes, which retain all cell proteins, and
cellulose acetate (CA) membranes, which only retain proteins that
have b-sheet aggregate structures.32 Lysate proteins retained onmem-
branes were probed with FVIII or b-actin antibodies. Filtration
through NC membranes demonstrated that intracellular steady state
levels of N6 were�5-fold greater than BDD, although secretion of N6
was significantly higher than BDD (Figure 2A, red box). Filtration
through CA membranes demonstrated significant aggregation of
BDD and >4-fold less aggregation for N6 (ratio of CA/NC), although
N6 was expressed at a �5-fold greater level than BDD (Figure 2A,
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Figure 2. Reversible aggregation of BDD and N6

expressed in CHO cells

(A) FVIII aggregates induced by glucose depletion begin to

resolve at 1 h following glucose repletion. CHO cells that

express BDD or N6 were treated with either normal

media or glucose-free media containing 10 mM 2DG and

20 mM sodium azide (2DG + NaN3). After 2 h, cells were

harvested or allowed to recover in complete media for the

indicated times, or complete media with 10 mg/mL CHX.

Cell lysates were filtered through nitrocellulose (left) or

cellulose acetate (CA) (right) membranes and probed with

FVIII or b-actin antibodies. Analysis of b-actin is from

BDD-expressing CHO cells. Red box = steady state

levels of BDD and N6 in untreated cells. Blue box =

aggregation of FVIII before and after 2DG + NaN3

treatment. (B) Reversible retention and secretion of active

FVIII in CHO cells. 35S-Met/Cys pulse-chase CHO cells

were treated in parallel as in (A). CHO cells were pulse-

labeled for 20 min and then chased for 20 min with

media containing excess unlabeled Met/Cys to complete

synthesis of nascent chains (lane 1) before being treated

with either normal media (lanes 2–3) or glucose-free

media containing 10 mM 2DG and 20 mM NaN3. After 2

h, cells were harvested (lane 4) or allowed to recover in

complete media for increasing times (lanes 5–8), or

complete media with CHX (lane 9). Lysates and media

were collected at indicated time points for FVIII IP and

reducing SDS-PAGE. For FVIII aPPT activity assay of

media, cells were treated in parallel, but not pulse-

labeled. Lanes: 1: Untreated, 200 chase; 2: Untreated

1200 chase; 3: Untreated 2400 chase; 4–9: 2DG for 1200;
5: 2-DG + 300 recovery; 6: 2-DG + 600 recovery; 7:

2DG + 1200 recovery; 8: 2DG + 2400 recovery; 9: 2DG +

2400 recovery + CHX. (C) FVIII activity in the medium via

aPTT analysis of BDD and N6 expressed in CHO cells. All

results (A–C) were from the same set of experiments

performed in parallel.
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blue box). Following energy depletion by treatment with
2-deoxyglucose (2-DG) and sodium azide (NaN3) to inhibit glycolysis
and oxidative phosphorylation, respectively, FVIII aggregates accu-
mulated in CHO cells that stably express wild-type FVIII (wtFVIII)
(�500 mU/mL per 106 cells/day, not shown),32 BDD (�1 U/mL
per 106 cells/day), and N6 (�10 U/mL per 106 cells/day). We previ-
ously demonstrated that 2-DG, but not NaN3, was sufficient to induce
wtFVIII aggregation.32 It is notable that NaN3 inhibition of oxidative
phosphorylation is irreversible. After 2-DG removal and glucose
replenishment, BDD and N6 aggregates began to disappear at 1 to
2 h, in a manner that did not require de novo protein synthesis, as
addition of the protein synthesis elongation inhibitor cycloheximide
(CHX) did not alter aggregate dissolution or significantly reduce
secretion of functional FVIII activity (Figure 2A).
3544 Molecular Therapy Vol. 30 No 12 December 2022
To identify the destiny of aggregated BDD and
N6, we performed 35S-Met/Cys-pulse-chase la-
beling which confirmed that glucose deprivation
retained BDD and N6 within the cell. Impor-
tantly, upon glucose repletion, intracellular
aggregated BDD and N6 dissolved and were efficiently secreted into
the medium (Figure 2A). Analysis of FVIII activity in the conditioned
media from cells treated under the same conditions as the pulse-chase
assay demonstrated that the secreted FVIII is functional (Figure 2C).
Increasing amounts of functional FVIII appeared in the media as early
as 1 h following glucose repletion for BDD and at 2 h for N6, which
correlated with the rate of disappearance of intracellular aggregated
FVIII. Although CHX treatment did not affect the amount of previ-
ously metabolically labeled FVIII secreted into the medium following
glucose repletion, CHX treatment reduced secreted FVIII activity to
30% to 60% (Figure 2C), presumably due to inhibition of new FVIII
synthesis. In sum, these results (Figures 2A–2C) indicate that a major
percent of both BDD and N6 form metastable aggregates that can
resolve to produce folded, functional, and secreted FVIII.
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Figure 3. BDD expression in hepatocytes in vivo

causes accumulation of amyloid-like aggregates

that colocalize with FVIII in liver sections

Liver sections were prepared from mice injected with the

indicated vector DNAs as described9 and stained for FVIII

(red) and Thio-S (green).32 Shown are representative

images from these analyses. Details of the vector

constructs are depicted with plasmid maps on the left-

hand side. The parental vector pMT37 (Addgene)

contains a transcription unit that is composed of the

SV40 origin and enhancer element from the early

promoter, the adenovirus major late promoter containing

most of the tripartite leader present in adenovirus late

mRNAs, a hybrid intron (IVS), the cytosolic dihydrofolate

reductase (DHFR)-coding region, and the SV40 early

polyadenylation signal (SV40 PolyA). The parental vector

efficiently expresses DHFR.37 Human BDD or N6 coding

sequences were inserted upstream of the DHFR-coding

region at the EcoR1 restriction sites (R1).
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Ectopic FVIII expression in hepatocytes causes protein

aggregation in murine livers

Previously we demonstrated that full-length wtFVIII forms amyloid-
like fibrils upon expression in cultured cells.32 Hydrodynamic tail
vein injection of vector DNA is an efficient method to express exog-
enous genes in hepatocytes.18,36 Using this technique, we confirmed
expression of exogenous FVIII in hepatocytes of mice injected with
BDD or N6 vector DNA induced the UPR, although the stress
response to N6 expression was significantly attenuated.9 To deter-
mine if the stress response to FVIII expression in hepatocytes is asso-
ciated with protein aggregation in vivo, we performed thioflavin-S
(Thio-S) staining on the liver sections to specifically identify amy-
loid-like protein aggregates. The livers of BDD vector-injected mice
showed significantly more Thio-S positivity than N6 vector-injected
mice, evidenced by colocalization of Thio-S staining with FVIII im-
munostaining (Figure 3). Similar to BDD expression in CHO cells,32

these findings demonstrate that ectopic expression of BDD in hepa-
tocytes in vivo also leads to intracellular accumulation of amyloid-
like FVIII aggregates in the liver. As expected, neither FVIII nor
Thio-S stains were observed in mice that received the parental vector
pMT expressing the cytosolic well-folded enzyme dihydrofolate
reductase (DHFR) (Figure 3).

BDD misfolds in murine hepatocytes in vivo

To provide mechanistic insight into BDDmisfolding and UPR activa-
tion, we characterized BDD and N6 interaction with the ER chap-
erone BiP/GRP78. Misfolded proteins bind BiP, whereas well-folded
proteins do not.38,39 Therefore, protein interaction with BiP can be
used as a surrogate to measure ER protein misfolding. However, there
are no available antibodies that can quantitatively co-immunoprecip-
itate (IP) BiP-client protein complexes. Hence, we created a geneti-
cally modified mouse with a 3x FLAG tag inserted into the endoge-
nous BiP/GRP78/Hspa5 locus (BiP-Flag mice) for quantitative
isolation of BiP-client protein complexes using anti- FLAG magnetic
beads,40 Tagging BiP with 3x FLAG in this manner did not alter BiP
function or BiP expression, which is essential to measure physiolog-
ical interactions (Figures 4A and 4B40,41). Importantly, hepatocyte-
specific BiP-Flag displays the same expression level and is regulated
identically as the untagged wild-type BiP (Figure 4A and 4B). To
elucidate the folding status of BDD and N6 ectopically expressed in
murine hepatocytes, we expressed BDD and N6 in hepatocytes of
BiP-Flag homozygous (BiP-Flag+/+) mice by hydrodynamic tail vein
delivery of vector DNA and analyzed the interactions between BiP-
Flag and BDD or N6 through anti-FLAG co-IP of BDD and N6 (Fig-
ure 4C). Consistent with our previous observations,9 hepatic BDD
levels in BDD vector-injected mice were significantly higher than
those in the N6 vector-injected mice (Figure 4C, lanes 5–10 versus
lanes 11–16 and Figure 4D, left panel), probably due to the greater
retention of BDD in the ER. Importantly, anti-FLAG IP pulled
down a significant portion of BDD from the livers of BDD vector-in-
jected BiP-Flag+/+mice (25%; Figure 4C, lanes 24–26 versus 8–10 and
Figure 4D, right panel), while N6 was pulled down at a significantly
lesser level (16%; Figure 4C, lanes 24–26 versus 30–32 versus 14–16
Figure 4D, right panel). These results support the notion that BDD
exhibits greater misfolding than N6 in hepatocytes of murine livers,
which likely accounts for the different degrees of UPR induction.9

Lentiviral transduction of BDD into human primary hepatocytes

activates the UPR

We next asked whether BDD expression can activate the UPR in hu-
man hepatocytes. We used mouse-passaged human primary hepato-
cytes (mpPHHs)42 to investigate the cellular response to ectopic BDD
expression. The mpPHHs were transduced in vitro with increasing
amounts of a lentiviral vector that expresses a codon-optimized
SQ-BDD cDNA13 that is used in all current liver-directed HA gene
therapy trials.14,15,17 Western blot analysis demonstrated SQ-BDD
Molecular Therapy Vol. 30 No 12 December 2022 3545
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Figure 4. Epitope-tagging of the endogenous murine BiP/GRP78/Hspa5 locus demonstrates misfolding of BDD in vivo

(A and B) A diagram illustrating location of insertion of 3x FLAG tag to C-terminal region of BiP. (B)Western blot demonstrating similar changes in hepatic levels of endogenous

wtBiP (BiP) and BiP-Flag in mice heterozygous for BiP-Flag allele (10 days after activation of BiP-Flag expression in the liver) in response to treatment with tunicamycin for

24 h. (C) Co-IP of BDD (lanes 24–26) and N6 (lanes 30–32) from liver lysates of pMT-BDD or pMT-N6-injected BiP-Flag homozygous mice (BiP-Flag+/+) with anti-FLAG

magnetic beads. Hepatic level of BDD and N6 were determined by direct western blot on liver lysates (lanes 5–10 and lanes 11–16 for BDD and N6, respectively). Red

asterisk = N6 FVIII bands. (D) Quantification of BDD and N6 bands shown in (C). Data are represented as mean ± SEM. *p < 0.05, **p < 0.001. Each lane in the images for

western blots represents an individual mouse, i.e., the number of mice (n) in each group: n = 2 for pMT/Wt and pMT/BiP-Flag; n = 3 for pMT-BDD/Wt, pMT-BDD/BiP-Flag,

pMT-N6/Wt, and pMT-N6/BiP-Flag, respectively.
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expression induced UPR markers BiP, eIF2a phosphorylation, and
CHOP, despite its weak signal, at 10 days after infection (Figure 5).
Interestingly, the protein levels of twoUPR-induced genes in the liver,
3546 Molecular Therapy Vol. 30 No 12 December 2022
hepcidin43 and cysteine rich with epidermal growth factor like do-
mains 2 (CRELD2), an oncogene associated with HCC that promotes
survival upon ER stress,44–47 were increased in BDD-expressing



Figure 5. BDD expression induces the UPR in mouse-passaged primary

human hepatocytes (mpPHH)

mpPHHwere transduced with a lentiviral vector expressing a codon-optimized form

of SQ-BDD (Lenti-BDD) at the indicated vector doses and cultured in a hepatocyte-

definedmedium. The transducedmpPHHswere harvested for western blot analysis

10 days post-transduction. Each lane represents an individual culture well. The

numerical numbers represent averaged fold changes after correction with loading

control b-actin. Experiment was repeated twice with different batches of mpPHH

and similar results were obtained.
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Figure 6. Transient FVIII expression in hepatocytes causes liver tumors in

mice in the context of high-fat diet (HFD) feeding

Wild-type C57BL/6J male mice were injected with pMT vector, pMT-N6 or pMT-

BDD DNA vectors by hydrodynamic tail vein injection.

(A) Plasma FVIII levels at 24 h after vector DNA injection. Data shown are mean ± SE

(n = 4 for pMT and pMT-BDD, n = 5 for pMT-N6). (B) Incidence of liver tumors in

pMT-BDD- or pMT-N6-injected mice after a 65-week-HFD treatment. The differ-

ence between the two groups (i.e., pMT-N6, n = 12 and pMT-BDD, n = 10) were

tested for statistical significance using the c2 test (degrees of freedom = 1, 95%

confidence intervals). (C) HCC but not adenoma exhibited positivity for glutamine

synthase staining. Both tumor tissue (T) and non-tumor tissue (N) are shown in the

high-magnification images.
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mpPHH (Figure 5). These results for the first time show that ectopic
BDD expression induces ER stress in human hepatocytes.

HCC development correlates with the degree of ER protein

misfolding

Previous findings suggest protein misfolding in the ER can initiate
NASH and HCC development.31 Therefore, we tested whether two
different human FVIII variants that misfold to different degrees can
initiate HCC development. C57BL/6J mice were subjected to hydro-
dynamic injection of parental vector pMT, pMT-BDD, or pMT-N6
vector DNA.9 After 24 h, plasma levels of N6 FVIII were significantly
higher than those for BDD-FVIII (Figures 6A and S1A), consistent
with our previous observations.9 After 1 week, when FVIII expression
was not detectable (Figures S1B–S1D), mice were fed a 60% HFD for
65 weeks and then analyzed for liver surface tumors. No tumors,
neither adenomas nor adenocarcinomas, were observed in mice
that received parental vector pMT DNA that expressed the cytosolic
DHFR. In contrast, all mice that received pMT-BDD expression vec-
tor developed tumors, while reduced tumor formation was observed
in mice that received pMT-N6 vector (Figure 6B). All mice in the
pMT-BDD group had one liver surface tumor, whereas a couple of tu-
mors were observed in three mice from the pMT-N6 group.

The tumors (both adenomas and carcinomas) in the above mice were
evaluated and extensively characterized independently by three clin-
ical pathologists. A detailed summary of this histopathological anal-
ysis is provided in Tables S1–S3. First, reticulin staining is intended
to demonstrate reticular fibers surrounding tumor cells. Tumors
that retain a reticulin network are generally benign or pre-neoplastic,
whereas HCC loses the reticulin fiber normal architecture. Second,
immunohistochemistry staining of CD34, glutamine synthetase
(GS), b-catenin, glypican 3, and CD44 were also performed to
Molecular Therapy Vol. 30 No 12 December 2022 3547
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differentiate the adenomatoid dysplastic nodule from the HCC le-
sions. Although no tumors were detected in any of the 13 mice in-
jected with parental vector pMT, we observed that 58% (7 of 12) of
mice that received pMT-N6 vector developed liver tumors; in contrast
to 100% (10 of 10) of mice that received pMT-BDD vector (Figure 6B,
p < 0.02, c2 test). The findings suggest a higher penetrance of tumors
in the presence of BDD misfolded protein. Detailed histopathological
assessment of the pMT-BDD-injected mice demonstrated that six of
the 10 lesions were adenomas and four carcinomas (Figure 6B), while
the pMT-N6-injected mice developed four adenomas and three car-
cinomas (Figure S2A). CD34 demonstrates neovascularization in
HCC, while nontumorous hepatic sinusoids do not stain with
CD34.47 The adenomas were overall negative for CD34, whereas
the carcinomas displayed a patchy strong CD34-positive staining
(Figure S3), further confirming the malignancy.48,49 GS stains posi-
tively for zone 3 of the liver parenchyma. Most carcinomas had pos-
itive GS staining (Figure 6C), indicative of an early-stage HCC.50

However, a few well-differentiated HCCs and an early evolving
HCC, arising from adenomas, were GS negative. As expected, b-cat-
enin immunostaining showed identical results to GS, as they are both
frequently overexpressed in early HCC.50 Finally, the adenomas in the
BDD cohort were positive for CD44, with the sinusoidal lymphocytes
staining while the adenomas in the N6 cohort were negative (Fig-
ure S3). Based on these histopathological assessments, the distribu-
tion of adenomas and carcinomas appears to be similar in both
groups (Figures 6C and S2A). However, BDD mice developed more
tumors and thus a more aggressive phenotype. In addition, the stain-
ing intensity and cellular distribution of the tumor makers differed
considerably in the liver tumors observed in ourmice (Table S3), indi-
cating that these tumors were at different stages of development to-
ward HCC. It is important to note that none of the tumors found
in these mice expressed BDD or N6, as demonstrated by the analysis
of DNA isolated from the liver tumors and their adjacent non-tumor
tissues collected at the study endpoint (Table S4), providing evidence
supporting the notion that transient expression of misfolded FVIII,
over the first week after DNA delivery, in the hepatocyte combined
with HFD feeding is sufficient to induce HCC.

DISCUSSION
Hepatic gene transfer of codon-optimized SQ-BDD-FVIII cDNA us-
ing AAV vectors has emerged as a promising therapeutic approach
for HA.14,15 Substantial improvement in hemostasis was documented
at a 5-year follow-up,25 although the approach has encountered two
key hurdles: (1) A requirement for very high vector doses to drive
FVIII expression in hepatocytes; and (2) in addition to signs of liver
damage, transgene expression declined over time.26–29 Both may be
directly linked to FVIII misfolding and retention in the ER. Durability
of transgene expression is a major factor for HA gene therapy, as it is
safely and effectively treated by prophylaxis with recombinant FVIII
as well as FVIII-bypassing molecules such as a bispecific antibody29

raising the safety and efficacy bars for HA gene therapy regimens.
The significance of this problem was recently highlighted.26,51,52

Here, we demonstrate that cellular stress resulting from transient
expression of FVIII in hepatocytes may contribute to liver tumorigen-
3548 Molecular Therapy Vol. 30 No 12 December 2022
esis. Encouragingly, we find that a more efficiently secreted FVIII
variant can be developed to reduce this risk. While there are differ-
ences in the biology of human andmurine HCC and AAV gene trans-
fer differs from plasmid vectors, these outcomes warrant further in-
vestigations into the potential for gene therapy approaches to cause
tumors in patients with HA.

Our previous work identified an FVIII derivative, N6, that is more
efficiently secreted and less prone to aggregation than present
B-domain deletion molecules used for HA gene therapy.9,18 In addi-
tion to the increased secretion efficiency of N6 compared with BDD,
N6 elicits reduced cellular toxicity, as measured by UPR activation,
apoptosis, levels of reactive oxygen species (ROS), protection by anti-
oxidant butylated hydroxyanisole (BHA) treatment, and HCC (Fig-
ure 1).9,18,53,54 Using mice with an FLAG tag inserted into the endog-
enous BiP/Hspa5 locus for quantitative FLAG IP of BiP-client protein
complexes,40 we found that BDD displays greater interaction with BiP
compared with N6, i.e., a quarter of intrahepatocellular BDD binds
BiP (Figure 3D), indicative of misfolding. The BiP-Flag mouse
provides the ability to evaluate the misfolding propensity of FVIII de-
rivatives considered for gene therapy. Ectopic expression of BDD pro-
duces a higher level of misfolded FVIII, which can induce a series of
cytotoxic responses, including activation of the UPR,9 ultimately
leading to initiation of HCC development.

Our findings suggest that characterization of the folding efficiency,
host response, and safety in model organisms and non-human pri-
mates is essential to ensure safety over the lifetime of an individual,
given that HCC takes years to develop in humans. A case of HCC
did occur in a hemophilia B patient after hepatic AAV-mediated factor
IX gene transfer,55 which was unlikely caused by gene therapy, as it
occurred early after gene transfer and the patient had multiple risk fac-
tors that predisposed to HCC. While HCC formation was observed in
murine studies with AAV vectors using other transgenes,35 this was
attributed to insertional mutagenesis and the relevance of this obser-
vation to the safety of HA gene therapy remains to be understood.
However, our new results show that high levels of FVIII gene expres-
sion by itself, even if transient and very likely independent of inser-
tional events, as our studies did not use viral vectors, can induce
HCC in the context of an HFD. All murine models of NASH and
HCC progression require a hypercaloric diet, presumably to induce
an inflammatory environment.56,57 HCC has not been observed in an-
imals treated with AAV-FVIII vectors, but these animals were not sub-
jected an HFD challenge. Interestingly, neonatal AAV gene transfer
(expressing other transgenes) led to HCC under a normal dietary
regimen but transduction of the same AAV vectors to adult mice
did not induce HCC unless they were fed an HFD leading to non-alco-
holic fatty liver disease (NAFLD),35 which was associated with
increased inflammation and hepatocyte proliferation, consistent with
our findings. Nevertheless, it should be considered that our studies
do not reflect the course of liver disease in humans, nor the therapeutic
approach. For instance, we used DNA delivery in our mouse studies
because we previously characterized detailed responses to BDD versus
N6.9 It is of great importance to investigate if the amount of FVIII
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produced by hepatocytes under a setting of AAV gene transfer reaches
a threshold required to set off the cascade ofmolecular events that pro-
motes HCC. Long-term follow-up in patients who have high levels of
FVIII expression will be required to answer this question.

Our studies also support the need for careful monitoring of liver
function over the time course of gene therapy treatment. We demon-
strate the role of diet when expressing a therapeutic protein in the liver
that is prone to misfolding and ER stress. While AAV-FVIII gene
transfer has not been found to cause the level of hepatocyte apoptosis
and liver injury that may occur with DNA vectors, multiple studies
have shown induction of ER stress markers in mice in response to
AAV-FVIII,58–60 and liver injury (albeit of unknown origin) occurred
in patients treated with high-dose AAV-FVIII.14,15 We now directly
show that expression of SQ-BDD in primary human hepatocytes in-
duces ER stress and theUPR in the dose-dependentmanner (Figure 5).
Together, our study provides experimental evidence demonstrating the
need for rigorous scientific investigation toward thepathophysiological
consequences upon AAV-mediated FVIII expression in hepatocytes.
HCC is the most common primary liver cancer and the third leading
cause of cancer deaths worldwide.61 The incidence of HCC has tripled
since 1980 and is the most increasing cause of cancer mortality in the
United States.62 While the incidence of viral-related HCC is declining,
HCC related tometabolic stress is on the rise, due to the global increase
in obesity and the associatedmetabolic syndrome.63 It is currently esti-
mated that NASH, which is already the leading cause of liver trans-
plants in developed countries, will become the dominant HCC etiol-
ogy. A quarter of the world’s population suffers from NAFLD
characterized by abnormal lipid accumulation in hepatocytes. Approx-
imately 20% of NAFLD patients eventually develop NASH with
inflammation, hepatocyte ballooning, Mallory Denk Bodies, and cell
death, a subset of which further develop fibrosis, cirrhosis, and
HCC.64 Both ER stress and activation of the UPR are documented in
many different human diseases,65,66 including NASH and HCC.67–69

The prevalence of NASH in the general population may increase the
risk for HCC associated with the hepatocyte-targeted gene therapy.

In conclusion, we provide the first evidence that even transient hepat-
ic expression of a protein that is prone to misfolding in the ER to
induce the UPR, can trigger HCC formation when followed by a sec-
ond insult to the liver such as an HFD diet. While these findings in
mice using DNA vectors do not necessarily mean that humans treated
with viral vectors in current clinical approaches are at increased risk
of cancer formation, limited levels of expression of such proteins in
hepatocytes and/or use of better secreted variants should be consid-
ered in clinical development. Importantly our findings demonstrate
that a factor, independent of viral toxicity, can be contributed by pro-
tein misfolding in the ER.

MATERIALS AND METHODS
Cell lines

Parental Chinese hamster ovary cells (CHO-K1) and 2 CHO-K1
clones were engineered for constitutive BDD (CHO-BDD) or N6
(CHO-N6) expression were previously described.18
REAGENTS AND STANDARD METHODS
All reagents and standard methods are specified in supplemental
methods (available on the Molecular Therapy website).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 and a
two-tailed Student’s t test. Chi-square test was used for comparing
of tumor incidence between pMT-BDD and pMT-N6 groups. A p
value <0.05 was regarded as statistically significant (p < 0.05 *,
p < 0.01 **).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.10.004.
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