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INTRODUCTION
Hemophilia A and B are coagulations disorders resulting from the 
loss of functional coagulation factor VIII (FVIII) or factor IX (FIX) 
proteins, respectively.1 Untreated patients may spontaneously or 
through trauma develop internal bleeds leading to progressive joint 
damage and potentially fatal bleeds into closed spaces such as the 
cranium. The recommend treatment for hemophilia is the prophy-
lactic infusion of recombinant or plasma derived coagulation fac-
tors. While effective, these exogenously administered coagulation 
factors have short biological half-lives and thus have to be recur-
rently administered, which requires frequent intravenous access. 
Although longer-acting factors are currently in clinical develop-
ment, half-life of FVIII in circulation is only slightly prolonged.2 In 
contrast, gene therapy holds the promise of multiyear and perhaps 
even life-long correction of the disease from a single drug adminis-
tration. This concept is supported by demonstration of lasting ther-
apy in studies in large animals and recent clinical trial results, which 
are based on liver-directed gene transfer with adeno-associated 
virus (AAV) vectors.3–6

Stable therapeutic levels of the vitamin K-dependent serine pro-
tease FIX or its cofactor, FVIII, have been reached using multiple viral 
based delivery systems and target tissues in both small and large 
hemophilia animal models.4,7 AAV gene transfer to hepatocytes has 
had translational success in early phase clinical trials in hemophilia 
B patients, resulting in FIX expression levels that have significantly 

reduced or completely eliminated the need for exogenous FIX pro-
tein therapy.3,8 While hemophilia A is more common (1 in 5,000 male 
births) than hemophilia B (1 in 25,000 male births), progress on 
developing an AAV-F8 vector has been complicated by multiple fac-
tors. Prominent among these factors is the low efficiency of human 
FVIII protein expression and secretion (due to retention in the endo-
plasmic reticulum, ER),9,10 and the size of the F8 coding sequence.11,12 
To overcome these limitations, B domain deleted (BDD) FVIII has 
been chosen as a sufficiently small sequence to fit within the pack-
aging limit of an AAV vector. Expression levels have been substan-
tially improved by use of codon-optimized sequences,13,14 and 
secretion and biological activity have been improved through pro-
tein engineering.14–16

Nonetheless, several concerns remain. One is the high immu-
nogenicity of FVIII, with 25–30% of hemophilia A patients forming 
 antidrug antibodies (termed “inhibitors”). Although FVIII normally 
circulates at low levels (200 ng/ml), thus requiring only low protein 
doses to correct the bleeding disorder, potent antibody responses 
against FVIII occur even at these low antigen doses. Supporting 
a gene therapy approach, AAV-mediated gene transfer to hepa-
tocytes often induces immune tolerance to the transgene prod-
uct, which is in part mediated by induction of CD4+CD25+FoxP3+ 
regulatory T cells.17 However, expression levels and changes in the 
FVIII sequence may impact the immune response. Furthermore, 
the potential for inhibitor formation upon AAV liver gene 
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Hemophilia A and B are coagulation disorders resulting from the loss of functional coagulation factor VIII (FVIII) or factor IX pro-
teins, respectively. Gene therapy for hemophilia with adeno-associated virus vectors has shown efficacy in hemophilia B patients. 
Although hemophilia A patients are more prevalent, the development of therapeutic adeno-associated virus vectors has been 
impeded by the size of the F8 cDNA and impaired secretion of FVIII protein. Further, it has been reported that over-expression of 
the FVIII protein induces endoplasmic reticulum stress and activates the unfolded protein response pathway both in vitro and in 
hepatocytes in vivo, presumably due to retention of misfolded FVIII protein within the endoplasmic reticulum. Engineering of the  
F8 transgene, including removal of the B domain (BDD-FVIII) and codon optimization, now allows for the generation of adeno-
associated virus vectors capable of expressing therapeutic levels of FVIII. Here we sought to determine if the risks of inducing the 
unfolded protein response in murine hepatocytes extend to adeno-associated virus gene transfer. Although our data show a mild 
activation of unfolded protein response markers following F8 gene delivery at a certain vector dose in C57BL/6 mice, it was not 
augmented upon further elevated dosing, did not induce liver pathology or apoptosis, and did not impact FVIII immunogenicity.
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transfer has varied between species in various preclinical studies.4,14 
Encouragingly, hepatic AAV gene transfer has been able to reverse 
pre-existing inhibitors in a canine model of hemophilia A.18

A second concern is the potential for overexpression of FVIII in 
hepatocytes to cause a cellular stress response, as reported by oth-
ers for plasmid gene transfer.19 The unfolded protein response (UPR) 
pathway is a conserved cellular stress response and quality con-
trol mechanism that is activated upon accumulation of misfolded 
proteins in the ER, which may result from increased translation.20–24 
The UPR sentinel chaperone protein BiP (“binding immunoglobu-
lin protein”, also known as “glucose-regulated protein 78” or GRP78) 
selectively binds misfolded proteins. When a threshold level of BiP 
is engaged with misfolded proteins, the UPR is initiated. The result-
ing signaling cascade directs a halt in cellular translation, upregu-
lation of chaperone proteins specialized in protein folding, and—if 
unresolved—leads to apoptotic cell death. In vitro heterologous 
overexpression of the human FVIII protein was reported to lead to 
the accumulation of misfolded FVIII and UPR chaperone protein 
aggregate in the ER and induce programmed cell death.25 Similarly, 
Malhotra et al. demonstrated that in vivo hydrodynamic delivery of 
plasmids encoding full-length or BDD-FVIII proteins resulted in acti-
vation of the UPR in murine hepatocytes and apoptosis.10 However, 
such hydrodynamic injections are done under high pressure, and 
transfection with plasmid DNA is a different process from receptor-
mediated viral infection.

The relevance of these findings for hepatic FVIII gene transfer 
with the clinically used AAV vector system has not yet been dem-
onstrated. Therefore, we investigated the potential for induction of 
UPR in mouse livers following administration of high doses of AAV 
serotype 8 vector expressing codon-optimized BDD-FVIII. Although 
we found clear evidence for an initial cellular stress response at vec-
tor doses ≥ 1011 vg in C57BL/6 mice, corresponding to expression of 
≥ 0.04 IU/ml circulating FVIII, there was no indication of hepatotox-
icity or heightened immune response to FVIII.

ReSUlTS
High-dose gene transfer of codon-optimized AAV8-F8 does not 
elevate liver enzyme levels
Wild-type C57BL/6 mice were used to investigate the potential of 
BDD-FVIII expressed from a codon-optimized AAV8-F8 (AAV8-coF8) 
vector to induce the UPR in transduced livers using vector doses of 
1 × 1010, 1 × 1011, and 1 × 1012 vg/mouse. C57BL/6 mice were selected 
for these experiments, because (i) this strain shows the highest 
transduction of hepatocytes with most AAV serotypes, and (ii) this 
strain was used by the original study on UPR to FVIII in vivo expres-
sion in hepatocytes by Malhotra et al. An AAV8-null vector, contain-
ing a promoterless transgene, and an AAV8-F9 vector at a dose of 
1 × 1012 vg were included as controls to rule out potential contribu-
tions of capsid protein to induce ER stress and hepatotoxicity or 
effects that are not specific to FVIII.26,27 Livers were collected 4 weeks 
following gene transfer, where we typically observe maximal BDD-
FVIII expression. Plasma was collected from mice at 2 and 4 weeks to 
measure circulating human BDD-FVIII protein and alanine transami-
nase (ALT) levels, a sensitive plasma marker for hepatotoxicity. We 
observed a vector dose-dependent increase in circulating BDD-FVIII 
antigen levels (Figure 1a). None of the AAV8-coF8 transduced mice 
formed antibodies against FVIII (Figure 1b). Therefore, the cellular 
stress response in C57BL/6 mice did not increase immunogenicity 
of FVIII. There was also no elevation of ALT levels (Figure 1c). For 
unknown reasons, the AAV8-null vector transduced mice had ~two-
fold increase in ALT compared with naive mice, although this was 

still within normal range for this strain. This cannot be attributed to 
a response to capsid, as the same dose of 1 × 1012 vg of AAV8-coF8 or 
AAV8-F9, containing the same capsid load, did not have this effect.

Evidence for induction of cellular stress by BDD-FVIII expression in 
the liver at doses ≥1011 vg
To further address if overexpression of BDD-FVIII lead to activation 
of the UPR in mouse livers, we assayed for changes in the expres-
sion of the sentinel UPR chaperone protein BiP and the downstream 
signaling, proapoptotic protein CCAAT/enhancer-binding protein 
homologous protein (CHOP) 4 weeks after gene transfer (n = 3–7 
per vector and dose). Western blot of liver lysates clearly showed 
upregulation in BiP expression in mouse livers treated at the higher 
vector doses of 1 × 1011 and 1 × 1012 vg of AAV8-coF8 (Figure 2a). 
These results were reproducible when Western blots were repeated 
(data not shown). In contrast, no elevation of BiP expression was 
seen in livers transduced with the lowest dose of AAV8-coF8 (1 × 1010 
vg) or at 1012 vg with AAV8-null or AAV8-F9 vectors (Figure 2a and 
data not shown; a total of 3 livers were analyzed from AAV8-F9 trans-
duced mice, which expressed on average 26–30 μg FIX/ml plasma, 
i.e., 5.2–6x higher than normal, during the first month after gene 
transfer). Livers collected from mice 48 hours after treatment with 
the ER stress inducing agent tunicamycin were used as a positive 
control.28 Interestingly, the levels of BiP expression did not further 
increase from the mid to the high dose of AAV8-coF8. The expres-
sion pattern observed for CHOP protein levels matched that seen 
for BiP (Figure 2b).

ER stress response in C57BL/6 mice declines over time
To rule out the possibility of a delayed ER stress response or poten-
tial differences in background strains we conducted two additional 
studies in wild-type C57BL/6 and hemophilia A 129/BL6-F8−/Y mice 
receiving a dose of 1 × 1011 vg of the AAV8-coF8 vector, where we had 
previously observed induction of the ER stress response (Figure 2a). 
Circulating BDD-FVIII levels were measured at 2, 4, 8, and 12 weeks 
gene transfer. BDD-FVIII protein reached peak levels at 4 weeks and 
remained stable for the duration of the study (Figure 3a). Endpoint 
analysis of plasma at 4 weeks (129/BL6-F8−/Y mice) and 12 weeks 
(C57BL/6 mice) showed that vector treated mice remained free of 
anti-FVIII IgG1 antibodies and ALT levels were within normal lim-
its (Figure 3b,c), suggesting that ER stress was not severe enough 
to cause substantial death of murine hepatocytes. Western blots 
of liver lysates showed no evidence for BiP upregulation in 4/5 
C57BL/6 mice at 12 weeks, while CHOP was still somewhat upregu-
lated. Thus, the ER stress response appeared to subside rather than 
escalate over time.

AAV8-coF8 gene transfer does not cause liver pathology or 
apoptosis of hepatocytes
Finally, mouse liver tissue was stained with hematoxylin and eosin to 
assess pathology and terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) fluorescent staining was used to assay 
for apoptosis. Images of TUNEL stained sections were captured on a 
fluorescent microscope. As expected, tunicamycin treated positive 
control mice had the highest overall level of TUNEL+ hepatocytes. In 
contrast, we did not observe an elevation in TUNEL+ hepatocytes in 
liver sections from AAV8-coF8 vector treated mice at either 4 weeks 
or 12 weeks as compared with age-matched controls (that did not 
receive gene transfer). Three of five mice injected with 1 × 1012 vg of 
the AAV8-null vector had some defined areas of TUNEL+ hepatocytes 
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(Figure 4a), in line with the elevation of plasma ALT. Hematoxylin 
and eosin stained sections were blindly scored for pathology. No 
significant difference in pathological scores was observed between 

control (no gene transfer) and vector treated mice (data not shown). 
None of the experimental treatments resulted in inflammation or 
other histopathology (Figure 4b and data not shown).

High-dose gene transfer of codon-optimized AAV8-FVIII does not 
increase the risk of inhibitor formation in hemophilia A mice
In previous experiments, we found that liver-directed gene trans-
fer with AAV8 vectors expressing human BDD-FVIII from wild-type 
or codon-optimized cDNA under a hepatocyte-specific promoter, 
unlike repeated intravenous (i.v.) injections of BDD-FVIII protein, 
did not cause inhibitor formation in hemophilia A mice at a vec-
tor dose of 1 × 1011 vg/mouse.13 However, use of the codon-opti-
mized sequence improved systemic expression by up to 10-fold.13 
Moreover, only the codon-optimized vector tolerized the animals, 
so that they remained hypo-responsive to BDD-FVIII after subse-
quent i.v. challenge with protein.13 Here, we injected 1 × 1011 vg 
(n = 3) or 1 × 1012 vg (n = 4) of the codon-optimized AAV8-F8 vector 
into the tail vein of hemophilia A mice with a gene deletion in exon-
16 coding for murine F8 on 129/BL6 genetic background (129/BL6-
F8−/Y). By 1 month after gene transfer, mice expressed ~10% of nor-
mal FVIII activity at 1 × 1011 vg and ~100% of normal at 1 × 1012 vg, 
which slightly declined by 2 months (Figure 5a). Circulating BDD-
FVIII levels as measured by enzyme-linked immunosorbent assay 
(ELISA) were comparable with those in C57BL/6 mice for the same 
vector doses (Figures 1a and 5b). FVIII levels measured by ELISA 
were lower compared with activity measurements, likely reflecting 

Figure 1 Hepatic AAV8 gene transfer of codon-optimized BDD-FVIII (coFVIII) to C57BL/6 mice. (a) Systemic FVIII antigen levels as a function of time after 
gene transfer of 1 × 1010 vg (n = 5), 1 × 1011 vg (n = 4–8), or 1 × 1012 vg (n = 4–8) to C57BL/6 mice or to hemophilia A mice (129/BL6-F8−/Y, labeled with “HA” 
in caption). (b) Anti-FVIII IgG1 levels at 4 weeks post gene transfer in C57BL/6 mice treated with the indicated vectors. A previously identified anti-FVIII 
IgG1 positive plasma sample from a FVIII immunized 129/BL6-F8−/Y mouse was included as a control. (c) Liver enzyme levels (ALT, alanine transaminase) 
in plasma 4 weeks after hepatic gene transfer to C57BL/6 mice. For comparison, data from AAV-F9 transduced and naive mice are shown. Data are mean 
± SD. AAV, adeno-associated virus; BDD, B domain deleted; FVIII, functional factor VIII; SD, standard deviation.
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Figure 2 Analysis of the expression status of UPR chaperones as a 
consequence of hepatic gene transfer of coF8 in C57BL/6 mice 4 weeks 
post treatment. (a) Western Blotting of liver tissue lysates for detection 
of BiP and (b) of CHOP in animals receiving 1 × 1010 vg (n = 5), 1 × 1011 
vg (n = 3), or 1 × 1012 vg (n = 4) of AAV8-coF8 or 1 × 1012 vg of AAV8 null 
vector (n = 5). For additional comparison, protein extract from a mouse 
treated with tunicamycin (T), that was untreated (N, “naive”), or that 
received 1 × 1012 vg of AAV8-F9 vector (F9). AAV, adeno-associated virus; 
BiP, binding immunoglobulin protein; CHOP, CCAAT/enhancer-binding 
protein homologous protein; UPR, unfolded protein response.
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an underestimation because of masking of FVIII by von Willebrand 
factor in the ELISA.

During the 4-week time course of the experiment, there was no 
evidence for antibody formation against FVIII by ELISA or Bethesda 
assay (data not shown). All mice were subsequently challenged 
with 4 weekly i.v. doses of BDD-FVIII protein. Of the seven animals, 
only one in the high-dose group formed an antibody against FVIII 
(17BU), while control mice that had not received gene transfer all 
formed inhibitors in response to the i.v. treatment with protein 
(Figure 5c,d). Moreover, 6/7 control mice developed very high-titer 
inhibitors of > 50BU.

Another cohort of hemophilia A mice received 1 × 1011 vg of 
AAV8-coF8 (n = 4), and livers were collected 4 weeks after gene 
transfer. In contrast to the data shown for C57BL/6 mice in Figure 
2, 129/BL6-F8−/Y mice had no evidence for increase in BiP or CHOP 
expression at 4 weeks after gene transfer (Figure 5e). These results 
indicate a mouse-strain dependence of ER stress in hepatocytes in 
response to FVIII expression. TUNEL staining of liver sections also 
had no increase over naive 129/BL6-F8−/Y colony background, and 
no elevation of ALT levels was observed (data not shown).

DISCUSSION
While AAV gene therapy for hemophilia B has been successful and 
is tested in multiple clinical trials, there are ~4 times more patients 
with hemophilia A. Preclinical development of an optimal protocol 
to express high levels of human FVIII has been more challenging, 
but have seen recent success with the use of BDD-FVIII and codon 

optimization. Our data presented here raise the concern that high 
expression of FVIII protein may prompt an UPR in hepatocytes. UPR 
was not seen following administration of a null vector or a FIX vector, 
indicating that elevated FVIII levels were the cause of the response. 
However, this cellular stress response was limited, without abrogat-
ing tolerance induction by transgene expression or causing toxicity.

Boosting hepatocyte-derived FVIII expression—risks versus 
rewards
Recent studies have documented that FVIII is normally synthesized 
in the liver by endothelial cells rather than by hepatocytes there-
fore endogenous murine FVIII protein is unlikely to contribute to the 
hepatocyte ER stress response from AAV8-coF8 gene transfer.29–32 
The wild-type FVIII sequence, also referred to as full-length FVIII, 
includes a heavily glycosylated B domain that is involved in intracel-
lular processing of FVIII but is dispensable for coagulation activity in 
the blood.33 Because of limited packaging size of the genome, cap-
sid tropism to hepatocytes, and relative abundance of hepatocytes 
over liver endothelial cells, the currently prevailing strategy is to use 
AAV vectors to transfer BDD-FVIII into hepatocytes for heterologous 
expression from a hepatocyte-specific promoter. Currently, the pre-
vailing approach for hemophilia gene therapy is gene transfer to 
hepatocytes. Use of a hepatocyte-specific promoter combined with 
a serotype with high hepatic tropism allowed us to study the effect 
of ectopic FVIII overexpression in hepatocytes (while endothelial 
cells are naturally the predominant site of FVIII synthesis). Further, 
given the increased potential of immune responses directed 

Figure 3 ER stress response following hepatic AAV8-coF8 gene transfer declines over time in C57BL/6 mice. (a) Systemic levels of FVIII antigen as a 
function of time in C57BL/6 mice (n = 5) injected with 1 × 1011 vg of an AAV8-coF8 vector. (b) Anti-FVIII IgG1 levels in plasma at 12 weeks. (c) Liver 
enzyme levels (ALT, alanine transaminase) in plasma 12 weeks after hepatic gene transfer. Dotted lines represent mean ± 1 SD of ALT measured in naive 
C57BL/6 mice. (d) Analysis of the expression status of UPR chaperones as a consequence of hepatic gene transfer of coF8 in C57BL/6 mice 12 weeks 
post-treatment. Western Blotting of liver tissue lysates for detection of BiP, CHOP, and actin in C57BL/6 mice (n = 5) receiving 1 × 1011 vg. For additional 
comparison, protein extract from a C57BL/6 mouse treated with tunicamycin (T) or that was untreated (N, “naive”). AAV, adeno-associated virus; BiP, 
binding immunoglobulin protein; CHOP, CCAAT/enhancer-binding protein homologous protein; ER, endoplasmic reticulum; FVIII, functional factor 
VIII; UPR, unfolded protein response.
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against the BDD-FVIII protein, our previous studies have shown that 
AAV mediated tolerance is less effective when using an ubiquitous 
promoter.34 In mice, the most efficient serotype for this task is AAV8, 
while a debate is ongoing about the optimal serotype for human 
hepatocytes.35–37 Regardless, additional modifications are needed to 
achieve therapeutic expression with this approach, such as the >5% 
of normal that have now been achieved in hemophilia B patients 
with the more robustly expressed FIX.3,8

One broadly adapted strategy has been codon optimization of 
therapeutic transgenes as a means of enhancing transgene expres-
sion. Yet there is evidence that low frequency codons and stable 
secondary structures may play a role in protein folding and assem-
bly by inducing a stall of protein synthesis.38–40 Thus, codon opti-
mization may impact protein folding and function, particularly in 
larger proteins such as BDD-FVIII. Nonetheless, substantial increases 
in AAV-encoded, hepatocyte-derived BDD-FVIII of up to 1 log have 
been achieved using codon-optimized sequences.13,14 Hence, 
there is a clear therapeutic benefit. Furthermore, the use of the 
codon-optimized sequence facilitated tolerance induction to FVIII 
in hemophilia A mice, which correlated with increased regulatory 
T cells induction upon hepatic gene transfer.13 However, the predis-
position of human BDD-FVIII protein to accumulate in the ER and 
engage with UPR chaperones may cause a cellular stress response 
at elevated levels of expression, which is what we found here.19,25

A major concern in designing this study was the selection of an 
optimal window of time to analyze plasma and livers for UPR and liver 
damage, as the kinetics of AAV expression differ from hydrodynamic 
plasma delivery.19 Our experience with liver directed AAV8-coF8 
gene transfer in mice is that maximal expression in the circulation 
is reached between 2 and 4 weeks following gene delivery, which 
is supported by this study. Therefore, we selected 4 and 12 weeks as 
relevant time points to address the impact of maximal BDD-FVIII pro-
tein expression in hepatocyte in the short-term and over an extended 
time frame. While we cannot rule out that ER stress already occurred 
at earlier time points, the objective of this study was to assess the 
effect of long-term AAV-derived FVIII expression in the liver. Induction 
of a cellular stress response by hepatic gene transfer to C57BL/6 mice 
was seen at the mid and high dose tested here, with the mid dose 
achieving levels of transgene expression that are a therapeutic tar-
get for current and future clinical trials. The response was also mouse 
strain dependent and not seen in 129/BL6-F8−/Y at a dose and time 
point where C57BL/6 mice had clearly up-regulated BiP and CHOP. 
While we did not investigate UPR for the highest vector dose used in 
129/BL6-F8−/Y mice, Lange et al., as reported in a companion article 
(Mol Ther Methods Clin Dev 3, 16064, 2016), achieved similar high lev-
els of FVIII activity in this strain at their highest vector dose and found 
only a delayed and transient cellular stress response in the liver.

No evidence that stress response to FVIII causes toxicity or 
increased immunogenicity
Overall, our data show that expression of a codon-optimized human 
BDD-FVIII transgene following AAV liver-targeted gene transfer is not 
sufficient to induce UPR mediated apoptosis in murine hepatocytes 
or pathology. In fact, induction of stress response markers occurred 
at or above a certain vector dose (1 × 1011 vg/mouse or 4 × 1012 vg/
kg for a 25-g animal), equivalent to ~0.05 IU/ml BDD-FVIII protein 
in circulation, but was not further increased at a 10-fold higher 
dose. One unanticipated result in our study was the observation of 
liver damage in control mice receiving 1 × 1012 vg of the AAV8-Null 
vector, confirmed by both a rise in plasma ALT and TUNEL+ stained 
hepatocytes. As there is no evidence supporting toxicity with viral 

capsids in mice and this particular vector has no transgene expres-
sion, the most likely explanation for this mild increase in ALT and 
positive TUNEL staining is the copurification of some toxic agent in 
this particular viral preparation (which was produced as research 
grade but not clinical grade material and had to be concentrated to 
achieve vector doses). This conclusion is supported by an absence 
of elevated ALT and TUNEL+ hepatocytes in mice receiving similar 
doses of coF8 and F9 vectors.

 A previous study by Malhotra et al. reported that BDD-FVIII 
expression in C57BL/6 mice by hydrodynamic plasmid delivery 
induced UPR responses in mouse liver that caused apoptotic cell 
death in hepatocytes.19 However, hydrodynamic gene delivery 
induces varying degrees of changes in hepatocyte morphology 
and cytosol content and thus may sensitize hepatocytes to cellular 
stress induction following overexpression of BDD-FVIII protein and/
or heightened the consequences of the stress response.41,42 These 
conclusions are further supported by the study by Lange et  al.  
(Mol Ther Methods Clin Dev 3, 16064, 2016), in which hepatocyte 
apoptosis was only observed in plasmid hydrodynamic delivery of 
canine BDD-FVIII (cF8) but was absent following i.v. AAV8-cF8 gene 
delivery. In contrast, a recent study using hydrodynamic delivery of 
a piggy-Bac transposon expressing a codon optimized B domain 
deleted FVIII failed to detect activation of the ER stress response 
compared with sham treated mice, albeit these authors only exam-
ined late time points.43

Importantly, we did not observe any increase in apoptotic hepa-
tocytes over naive strain background with our AAV8-coF8 vector at 
doses up to 1 × 1012 vg, corresponding to circulating levels of BDD-
FVIII protein in the range of 0.12–0.3 IU/ml in both hemophilia A 
and C57BL/6 mice by ELISA and 0.46–1.8 IU/ml (i.e., 46–180% of nor-
mal) in hemophilia A mice using a functional coagulation assay. It is 

Figure 4 Histological analysis of C57BL/6 mouse liver tissue 4 weeks after 
AAV8-coF8 gene transfer. Paraffin embedded liver sections stained with 
(a) Terminal deoxynucleotidyl transferase dUTP nick end labeling kit (TUNEL) 
for presence of apoptotic cells, (blue –DAPI (4’, 6-Diamidino-2-Phenylindole, 
Dihydrochloride), red –fluorescein-dUTP, pseudocolored) and (b) Hemat-
oxylin and Eosin (H&E) for general tissue pathology. Representative images 
for each group are shown.  AAV, adeno-associated virus.

a

b
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likely that the ELISA technique underestimates the BDD-FVIII levels, 
which is often observed because of shielding by von Willebrand fac-
tor (vWF) protein bound to FVIII.44,45 Finally, the stress response we 
observed in C57BL/6 mice did not cause antibody formation against 
the FVIII transgene product.

Implications for human gene therapy
With the initiation of the first clinical trial of AAV-F8 gene therapy in 
hemophilia A patients (NCT02576795) it is important to model and 
understand potential barriers to successful therapy.

While we focused on studying our codon-optimized construct, 
which substantially improved therapy and tolerance induction in our 
previous experiments, Lange and colleagues (see companion article, 
Mol Ther Methods Clin Dev 3, 16064, 2016) found that high levels of 
canine BDD-FVIII protein expressed from an AAV8 vector (without 
codon optimization) induced a delayed and transient cellular stress 
response at 12 weeks after gene transfer. It is likely that these dif-
ferent outcomes are in part caused by mouse strain differences, as 
we also failed to detect upregulation of BiP in 129/BL/6-F8−/Y mice 4 
weeks following gene delivery (1 × 1011 vg AAV8-coF8) compared with 
identically dosed wild-type C57BL/6 mice. While our studies observed 
differences in immune responses against human and canine FVIII pro-
teins, in aggregate the data strongly suggest that the risk for antibody 
formation is not linked to an ER stress response.

Overall, data from both of our studies support that the magni-
tude and/or duration of the stress response induced by AAV-F8 
mediated gene transfer is insufficient to drive apoptosis in murine 
hepatocytes up to 12 weeks following gene transfer. Nonetheless, 

our studies show that there is at least a potential for cellular stress 
response upon overexpression of FVIII protein in hepatocytes, 
which investigators should be aware of when taking vectors for-
ward to clinical trial. Even though we found no evidence for liver 
toxicity and that the stress response subsided over time, we cannot 
entirely rule out longer-term effects. Finally, these results support 
further development of strategies aimed at improving secretion 
of FVIII, which may limit ER stress. Examples include incorporation 
of or mimicking sequences from other species, such as porcine or 
canine, that have more efficiently secreted and/or more active FVIII 
molecules (albeit one needs to also consider that such modified 
molecules may  introduce novel B and T cell epitopes).15,46–48

MATeRIAlS AND MeTHODS
AAV vectors
Recombinant AAV8 vectors were produced by triple transfection method of 
HEK-293 cells and purified by iodixanol gradient centrifugation as previously 
described.49 Codon-optimized human BDD-F8 gene (GeneArt, Regensburg, 
Germany) and F9 genes are expressed from the hepatocyte specific ApoE/
human α-antitrypsin (hAAT) enhancer/promoter as published.13,34 The AAV-
null vector contains the β-gal and neo genes both with a mutation in the 
initiating methionine (ATG to CTG) and lack both promoters and polyadenyl-
ation signals.27 Virus titers were determined by dot blot assay. Vectors were 
administered at a dose of 1 × 1010, 1 × 1011, or 1 × 1012 vg per mouse via tail 
vein injection.

Animal studies
Male C57BL/6 mice (6–8 weeks of age) were purchased from Jackson 
Laboratories (Bar Harbor, ME). Hemophilia A mice with a targeted deletion of 
exon 16 of the murine F8 gene have been maintained on a mixed C57BL/6–
129/sv background as previously published and were obtained from our 

Figure 5 Correction of murine hemophilia A mice and antibody formation against FVIII by hepatic AAV8 gene transfer of codon-optimized BDD-F8 
(coF8). (a) Systemic FVIII activity levels as a function of time after gene transfer of 1 × 1011 vg (n = 3) or 1 × 1012 vg (n = 4) to 129/BL6-F8−/Y mice (HA). (b) 
Systemic FVIII antigen levels as determined by ELISA. (c) Anti-FVIII IgG1 levels and (d) Bethesda titers, measured 1 week after repeated i.v. injections 
of BDD-FVIII protein (1 IU, weekly for 4 weeks) in mice that received gene transfer and in control mice. Data are mean ± SD. Panels c and d additionally 
shows values for individual mice. (e) Analysis of the expression status of UPR chaperones as a consequence of hepatic gene transfer of coF8 in C57BL/6 
mice 12 weeks and 129/BL6-F8−/Y mice 4 weeks post-treatment. Western Blotting of liver tissue lysates for detection of BiP, CHOP, and actin in 129/
BL6-F8−/Y mice receiving 1 × 1011 vg (n = 4) or that were untreated (naive, n = 3). For positive control, protein extract from a C57BL/6 mouse treated 
with tunicamycin (T) is shown (same control as in Figure 3d, as these samples were run on the same blot). AAV, adeno-associated virus; BiP, binding 
immunoglobulin protein; CHOP, CCAAT/enhancer-binding protein homologous protein; BDD, B domain deleted; ELISA, enzyme-linked immunosorbent 
assay; FVIII, functional factor VIII; UPR, unfolded protein response; SD, standard deviation.
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in-house colony.13 Viral vectors were administered by i.v. injection in a 200 μl 
volume at the indicated doses. In some studies hemophilia A mice received 
four weekly i.v. injections of 1 IU BDD-FVIII (Xyntha, Pfizer, New York, NY) fol-
lowing vector administration. Blood for plasma analysis was obtained by tail 
bleed into citrate buffer (0.38%) for hemophilia A mice or into heparinized 
capillary tubes for studies with C57BL/6 mice. As a positive control for ER stress 
induction, C57BL/6 mice received an intraperitoneal injection of 25 μg tunica-
mycin dissolved in 20% dimethylsulfoxide (DMSO)/phosphate-buffered saline 
(PBS)/150 mmol/l dextrose, and livers were collected 48 hours later.

FVIII activity, antigen levels, and antibody assays
FVIII activity in hemophilia A mouse plasma was determined using an 
activated partial thromboplastin time assay. Activity was calculated using 
a standard curve generated from normal human plasma over a range of 
0–40% normal FVIII levels. Levels of circulating human Factor VIII protein in 
mouse plasma samples were determined using the VisuLize FVIII Antigen Kit 
(Affinity Biologicals, Ancaster, Canada) per manufacturer’s instructions. BDD-
FVIII levels were normalized against naive and control vector treated mice to 
correct for cross reactivity of the ELISA with murine FVIII protein. Inhibitory 
antibody titers against FVIII were determined using the Bethesda inhibitor 
assay. One Bethesda unit is defined as the amount of inhibitory antibody 
that can neutralize 50% FVIII activity following a 2-hour incubation at 37°C. 
An immunocapture ELISA was used to determine titers of FVIII-specific IgG1 
using purified mouse IgG1 as a standard.

Analysis of ER stress response in murine livers
Liver tissue lysates were generated using lysing matrix beads (MP 
Biomedicals, Santa Ana, CA) in  radioimmunoprecipitation assay (RIPA) 
buffer and total protein levels were adjusted using OD280 adsorption. For 
Western blotting, 100 ng of total protein was run on 10% sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), transferred to  poly-
vinylidene difluoride membrane (PVDF) membrane and probed overnight 
with one of the following antibodies: BiP (1:1,000), CHOP (1:1,000), pan-actin 
(1:1,000), or Ph/PERK (1:1,000), all from Cell Signaling (Danvers, MA), and the 
corresponding secondary antibodies. Specific protein visualized with Pierce 
ECL2 Western Blotting Kit (Thermo Fisher Scientific, Waltham, MA).

Toxicity studies
Liver function test was run on mouse plasma using a colorimetric Alanine 
Transaminase (ALT) Activity Assay kit (ab105134, Abcam, Cambridge, UK) 
following manufacturer’s instructions. For histological analysis, mouse liver 
tissue was rinsed with PBS and fixed in 10% buffered Formalin Solution 
overnight and embedded in paraffin blocks. Sections (4 μm) were stained 
with hematoxylin and eosin or processed for TUNEL staining with In Situ Cell 
Death Detection Kit, Roche (Basel, Switzerland). 
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