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Hemophilia A gene therapy using recombinant adenovi-
rus-associated virus (AAV) vectors has been hampered by 
the size of the factor VIII (FVIII) cDNA. Previously, splitting 
the FVIII coding sequence into a heavy-chain (HC) frag-
ment and a light-chain (LC) fragment for dual recombi-
nant AAV vector delivery has been successfully explored. 
However, the main disadvantage of this approach is a 
“chain imbalance” problem in which LC secretion is ~1–2 
logs higher than that of HC, and therefore, the majority 
of protein synthesized is nonfunctional. To improve HC 
secretion, we constructed alternate FVIII HCs based on our 
observation that LC facilitates HC secretion. To our sur-
prise, most of the new HC molecules exhibited enhanced 
expression over the traditional HC molecule (HC745). The 
optimized HC mutein, HCHL, including additional acidic-
region-3 (ar3) sequences, exhibited three- to fivefold 
higher activity in both enzyme-linked immunosorbent 
assay (ELISA) and activated partial thromboplastin time 
(aPTT) assay in in vitro testing. Further characterization 
suggested ar3 sequences increased HC secretion, rather 
than promoting HC synthesis. Intravenous delivery of 
AAV8-HCHL+AAV8-LC or AAV8-HC745+AAV8-LC achieved 
phenotypic correction in hemophilia A mice. Mice 
receiving AAV8-HCHL+AAV8-LC achieved three- to four-
fold higher HC expression than AAV8-HC745+AAV8-LC, 
consistent with the FVIII functional assays. HCHL should 
be substituted for HC745 in a dual AAV vector strategy 
due to its enhanced expression.
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Introduction
Hemophilia A is an X-linked, recessive bleeding disorder that 
affects ~1 in 5,000 males. This disease is caused by defects in the 
gene coding for coagulation Factor VIII (FVIII) and comprises the 
majority of all hemophilia cases. Clinically, it is characterized by 
frequent spontaneous joint hemorrhages, easy bruising, and pro-
longed bleeding. The consequences of bleeding into critical closed 

spaces, such as the intracranial or the retroperitoneal space, are 
severe and can be life threatening. Clotting factor concentrate infu-
sions are the only currently effective treatment options for severe 
hemophilia A patients.1,2 However, recombinant FVIII is very 
costly and often not available for patients in developing counties.

Gene therapy has shown great promise for curing hemophilia.3–7 
For hemophilia B, adenovirus-associated virus (AAV) vectors 
have been demonstrated to be very efficient in a variety of animal 
models ranging from mice and dogs to nonhuman primates.8–12 
Significant levels of factor IX expression were detected in the first 
AAV factor IX human clinical trials targeting the liver.4 Robust 
alternative AAV serotypes are also ready to be tested for hemo-
philia B in human clinical trials.13–16 In contrast to hemophilia B, 
gene therapy for hemophilia A has lagged behind, even though 
hemophilia A patients far outnumber hemophilia B patients. The 
major hurdle for developing AAV-FVIII for gene therapy lies in 
the size of the FVIII gene.17 In contrast to the 1.5 kb factor IX 
cDNA, the full size of FVIII is 7.0 kb and the B-domain-deleted 
FVIII (4.37 kb) alone is close to the 4.4 kb packaging capacity of 
AAV, which leaves little space for regulatory elements such as pro-
moters, poly A sequences, and introns.18–21

In addition to efforts to deliver FVIII using a single recom-
binant AAV vector, an alternate strategy has been developed to 
deliver FVIII using dual AAV vectors.22,23 This is based on the dis-
covery that separate FVIII HC and LC can reassociate in vitro and 
regenerate coagulation activity.24 In this approach, one AAV vector 
was used to carry FVIII HC745, which included 1–745 amino acids 
of mature single-chain FVIII (referred to as HC745). Another AAV 
vector is used exclusively to express FVIII LC. The combination 
of AAV-HC745+AAV-LC had been demonstrated to correct the 
hemophilia A phenotype in animal experiments.22,23,25 However, 
the main drawback is “chain imbalance” because the levels of LC 
were typically 10- to 100-fold higher than those of HC.22,23 Thus, 
the majority of secreted LC was not associated with its counter-
part HC and did not contribute to coagulation activity at all.

In this study, we developed alternate FVIII HC molecules 
that target the “chain imbalance” issue. The optimized FVIII HC 
mutein, HCHL, was expressed more efficiently than the conven-
tional HC745. AAV-HCHL secreted approximately fivefold more 

The first two authors contributed equally to this work.
Correspondence: Weidong Xiao, Department of Pediatrics, University of Pennsylvania Medical Center, The Children’s Hospital of Philadelphia, 
302B Abramson Research Center, 3615 Civic Center Blvd, Philadelphia, Pennsylvania, USA. E-mail: wxiao@mail.med.upenn.edu

Enhanced Factor VIII Heavy Chain for Gene 
Therapy of Hemophilia A
Lingxia Chen1,2, Hui Lu1, Jinhui Wang1, Rita Sarkar1, Xiao Yang1, Hongli Wang3, Katherine A High1,4  
and Weidong Xiao1

1Department of Pediatrics, University of Pennsylvania Medical Center and The Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania, 
USA; 2Peking University People’s Hospital, Beijing, China; 3Ruijin Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China; 
4Howard Hughes Medical Institute, The Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania, USA

mailto:wxiao@mail.med.upenn.edu
http://www.nature.com/doifinder/10.1038/mt.2008.292


418� www.moleculartherapy.org  vol. 17 no. 3 mar. 2009    

© The American Society of Gene Therapy
AAV Vectors Deliver Factor VIII

protein than AAV-HC745 and resulted in a similar increase in 
coagulation activity that corrected the hemophilic phenotype in 
small animal models, which overcomes a major obstacle of the 
dual AAV vector system.

Results
Construction of FVIII HC muteins with improved 
expression
As shown in Figure  1, the only HC molecule (HC745) explored 
so far for AAV delivery contains the first 745 amino acids of 
FVIII single-chain polypeptide. The poor efficiency of HC745 in 
expression as compared to FVIII itself prompted us to investi-
gate alternative HC molecules for AAV delivery. Our previous 
study demonstrated that FVIII LC can significantly enhance HC 
secretion.26 Thus, we hypothesized that there exists some elements 
in the LC that facilitate HC expression or secretion. To avoid the 
potential complication of creating neoantigens, we decided not to 
introduce nonnative amino acids. Representative HC muteins are 
illustrated in Figure 1. They can be divided into two categories. 
HC1689, HCHL, HC1648, and HC1691 all have additional FVIII resi-
dues compared to HC745. On the other hand, HC740 includes only 
the first 740 amino acids of FVIII protein. All these muteins were 
constructed by PCR-mediated mutagenesis and cloned into the 
expression backbone, pAAV-CB-FVIII, which is under the con-
trol of a β-actin promoter along with a CMV enhancer flanked by 
AAV inverted terminal repeats.

Acidic-region-3 enhanced HC secretion
The FVIII HC muteins outlined in Figure 1 were tested for their 
expression levels in tissue culture cells. Each HC mutein was 
transfected into 293 cells along with an LC expression plasmid. 
At 72 hours post-transfection, levels of secreted FVIII HC were 
evaluated by ELISA (Figure 2a). Surprisingly, HC745 showed the 
lowest levels of expression. HC1689, HC1691, and HC740 were approx-
imately one- to twofold higher than HC745 in expression. The most 
significant construct is HCHL, which was about five- to sixfold 

higher than HC745. The coagulation activities of secreted HC were 
then measured by aPTT assay. As shown in Figure 2b, the activ-
ity of HC745 appeared to be only 50% higher than HC1648 and was 
comparable to HC740, HC1648, and HC1691. In contrast, aPTT assay 
showed that HCHL exhibited approximately twofold higher coag-
ulation activity compared to HC745. Therefore, there is a modest 
discordance between the activities of secreted FVIII in the media 
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Figure 2  HC muteins with improvement in HC expression. Expression 
vectors for HC (HC745), HC740, HC1648, HC1689, HCHL, or HC1691 were 
co-transfected with the LC expression plasmid into 293 cells by calcium 
phosphate precipitation. FVIII HC secretion and FVIII activity were deter-
mined at 72 hours post-transfection. (a) HC antigen in the media was 
measured by HC-specific ELISA. (b) Functional FVIII coagulation activity 
converted from activated partial thromboplastin time (aPTT) assay. 
Standard error is shown in the figure (n = 3). ELISA, enzyme-linked immu-
nosorbent assay; FVIII, factor VIII; HC, heavy chain; LC, light chain.



Molecular Therapy  vol. 17 no. 3 mar. 2009� 419

© The American Society of Gene Therapy
AAV Vectors Deliver Factor VIII

and the antigen levels measured by ELISA. Nevertheless, these 
results suggested that HCHL is more efficiently expressed than 
HC745 and that the inclusion of the acidic-region-3 (ar3) sequence 
in HCHL does not interfere with the HC coagulation activity.

Previously we have demonstrated that LC could facilitate 
HC745 secretion.26 The effects of LC on HCHL were also analyzed. 
For transfections in 293 cells, we used a fixed amount of HC plas-
mid (HCHL or HC745) and varying amounts of LC plasmid ranging 
from 0 to 2 µg. As shown in Figure 3a, in the absence of FVIII LC, 
HCHL antigen in the media is much higher than HC745. The HC745 
antigen was barely detectable in the absence of LC. The inclusion 
of even a trivial amount of LC plasmid (0.01 µg or 0.1 µg) had 
significant effects on HC745 secretion. The enhancement of LC on 
HC745 antigen expression as measured by ELISA is in the range 
of 10- to 100-fold. In contrast, although the effect of LC on HCHL 
expression was noticeable, the enhancement for HCHL expression 
was only in the range of 1.3- to 2-fold. The coagulation activity 
of the secreted FVIII in the media (Figure  3b) confirmed the 
observation from the antigen assay.

FVIII HCHL secreted higher levels of HC antigen
To determine whether the increased HC antigen in the media 
was due to increased HCHL synthesis in the cells, we compared 

intracellular levels of HCHL and HC745 by western blot. As presented 
in Figure  4, the intracellular levels of HCHL (lane HCHL and 
HCHL+LC) were similar to HC745 (lane HC745 and HC745+LC). 
Although the intracellular size of HC differed from the HC frag-
ment of commercially available ReFacto, the secreted FVIII HC 
matched the HC of ReFacto (Figure 4, top panel). Quantitatively, 
intracellular levels of HC745 and HCHL were also measured by 
ELISA. As shown in Figure  4, there were no significant differ-
ences between HC745 and HCHL with or without LC molecules. 
The ELISA results, therefore, support the observation from the 
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Figure 3 T he effects of LC on HC secretion in vitro. HCHL or HC745 were 
co-transfected into 293 cells along with LC expression plasmid at ratios 
as indicated by calcium phosphate precipitation in triplicate. Media were 
harvested 72 hours after transfection. (a) HC antigen was measured by 
heavy-chain-specific ELISA. (b) Functional FVIII was converted from acti-
vated partial thromboplastin time assay. Standard error is shown (n = 3). 
ELISA, enzyme-linked immunosorbent assay; FVIII, factor VIII; HC, heavy 
chain; LC, light chain.
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western blot. These results suggested the HC molecule synthesized 
in the cells from HCHL was similar to HC745 and BDD-FVIII-SQ 
(ReFacto). The antigen-level difference in the media did not arise 
from a different level of intracellular synthesis, but rather from a 
difference in secretion efficiency.

AAV-delivered FVIII HCHL secreted high levels  
of HC in vivo
To confirm that HCHL is expressed efficiently in vivo, we generated 
AAV vectors carrying HCHL and HC745, respectively. We injected 4 
× 1011 vg/mouse of AAV-HC745, 1 × 1011 vg/mouse of AAV-HCHL, 
and 4 × 1011 vg/mouse of AAV-HCHL into the hemophilia A and 
CD4 double-knockout mice and monitored HC secretion in the 
mouse plasma after vector infusion. HA mice in CD4 KO back-
ground were selected because of the inhibitor concern. The anti-
gen level of HC was measured by ELISA (Figure 5). Consistent 
with in vitro results, in the absence of LC, plasma HC antigen 
levels in the mice receiving 4 × 1011 vg/mice AAV-HCHL were in 
the range of 200 ng/ml, which is about four to five times higher 
than the group receiving a similar dose of AAV-HC745. Even at a 
lower dose of 1 × 1011 vg/mouse, AAV-HCHL expression was twice 
as high as that with 4 × 1011 vg/mouse AAV-HC745. This result 
confirmed that HCHL is expressed at a higher level in vivo when 
delivered by AAV vectors.

AAV-delivered FVIII HCHL corrects the hemophilic 
phenotype in vivo
The ultimate goal of engineering HC molecules is to enhance the 
ability to correct hemophilia. Therefore, we evaluated the per-
formance of AAV-HCHL when delivered along with AAV-LC. At 
a dose of 5 × 1011 vg/mouse for combined HC and LC vectors, 
CD4KOHA mice receiving AAV-HCHL+AAV-LC had a stable 
level of FVIII coagulation activity at 0.8 IU/ml (Figure  6b). 
This is significantly higher than AAV-HC745+AAV-LC, which 
is in the range of 0.2–0.4 IU/ml. The antigen level of HC is 
consistent with the functional activity measured by aPTT 
assay. As shown in Figure  6a, the HC antigen level in mice 
receiving AAV-HCHL+AAV-LC was stable at 300–400 ng/ml, 
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which is higher than 100–200 ng/ml for mice receiving AAV-
HC745+AAV-LC.

The main problem for HC745 is the chain imbalance issue.22,23,25 
To assess whether HCHL molecule could overcome the chain 
imbalance, we compared the levels of HC and LC when AAV-
HCHL+AAV-LC vectors were administered at ratios of 9:1 and 
4:1. The antigen levels of HC and LC measured by ELISA are 
presented in Figure 7. Because the amount of the HCHL vector is 
fixed, the expression level of HC remained similar at either vector 
ratio (Figure 7a). HC expression was between 150 and 200 ng/ml. 
In contrast, LC expression level was reduced from approximately 
1,500–2,000 to 300–400 ng/ml when ratio of LC vector reduced 
from 4:1 to 9:1, respectively (Figure  7b). Therefore, the chain 
imbalance issue was significantly ameliorated with the improved 
HCHL molecule.

On the other hand, we noted that the coagulation activity 
(Figure 7c) does not match the level of antigen precisely; at HCHL 
to LC vector ratio of 9:1, only 0.1 units of FVIII were achieved with 
200 ng of HC antigen. In contrast, 0.8 to 0.9 units of functional 
FVIII activity was achieved when the HCHL and LC ratio was at 4:1 
with similar amounts of HC antigen. These results also suggested 
overexpressed LC is required to maximize the association of HC 
and LC, which determines the coagulation activity of secreted 
FVIII HC and LC antigen. We conclude that balanced HC and LC 
at the antigen level may not guarantee maximal coagulation activ-
ity when adopting a dual AAV vector approach.

The improved secretion of HCHL was also reflected in the 
thromboelastographic profile measured by ROTEM assays 
(Figure 8). ROTEM assays were conducted at 16 weeks postvector 
delivery. Although there were no significant differences in clot 
formation time between mice receiving HC745 and HCHL vectors, 
the CTs, which corresponds to the reaction time in a conventional 

thromboelastogram, were dramatically different. Mice receiving 
HCHL vectors with optimized ratios of HC745 and LC had a CT time 
in the range of 120 seconds, in contrast to mice receiving HC745 
vectors at 160 seconds. The CT time was consistent with high 
levels of FVIII coagulation activity measured by aPTT assays.

Discussion
Although AAV is the vector of choice for correcting genetic 
diseases due to its persistent gene expression with only minimal 
levels of integration into the host chromosome, the inability to 
package inserts greater than ~5 kb has been a challenge for deliv-
ering FVIII and other large cDNAs.27–29 Splitting FVIII into two 
AAV vectors was a clever approach that takes advantage of the fact 
that the HC and LC of FVIII could associate to regenerate coagu-
lation activity.22,23,25 FVIII is a protein that secretes inefficiently as 
compared to other similar proteins such as factor V;17,30 this prob-
lem hampered the two-chain approach as well because FVIII HC 
but not LC was inefficiently secreted.22,23,25 The disparity of HC and 
LC secretion has led to a chain imbalance issue that decreased the 
efficacy of AAV-FVIII vector delivery and resulted in the major-
ity of expressed transgene products being nonfunctional. Such 
chain imbalance may also destabilize the host cells and induce 
apoptosis.31

It has been suggested that the interactions between cellular 
chaperones and elements in the FVIII HC reduce FVIII 
secretion.30,32–34 The currently used FVIII HC molecules (HC745) 
seem to be far less efficient than full-length FVIII in secretion. 
Thus, it is necessary to improve HC745 secretion. Although it is 
established that certain modifications in FVIII such as F309S and 
additional B-domain sequence increases FVIII secretion, sim-
ply adding these modifications to the HC did not increase HC 
secretion.26 On the contrary, the secretion of HC was reduced even 
further.26 Therefore, improving HC secretion cannot be achieved 
by simply following what has been done for FVIII.

Our recent studies have demonstrated that LC facilitates HC 
secretion.26 The HC molecules secrete much more efficiently when 
LC molecules were coexpressed. One possibility is that elements 
in the LC may facilitate HC secretion and thus ameliorate this 
problem. Although many HC molecules we constructed with par-
tial C1 and C2 elements were not functional (data not shown), HC 
molecules with complete or partial ar3 sequences were capable of 
complementing LC to restore coagulation activity. Surprisingly, 
one HC mutein, HCHL, which has an intact ar3 sequence along 
with the HC coding sequence, secretes better than HC745 in both  
in vitro and in vivo testing (Figures 1–7). HCHL may thus be a 
better choice for delivery by AAV vectors. It is worth noting 
that such enhancements by ar3 would not be predicted by cur-
rent working models of FVIII structure. The expression of HC 
appeared to be greatly influenced by the number of amino acids in 
the HC molecules. How these individual amino acids affect FVIII 
secretion remains to be elucidated.

The increased HC molecules in the media or blood circulation 
were not due to increased polypeptide translation in cells. This is 
evident in the western blot and ELISA data showing similar levels 
of intracellular FVIII HC-related polypeptides for both HC745 and 
HCHL expression plasmid transfection (Figure 4). Thus, the secre-
tion of HC appears to be the determining factor. Because the only 
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difference between HC745 and HCHL lies in the ar3, the enhanced 
performance of HCHL in expression suggested that this sequence 
may also have a role in facilitating FVIII HC secretion. Therefore, 
this could be a new function of ar3 in addition to its role in medi-
ating FVIII and von Willebrand factor interaction.35,36

In this study, we successfully demonstrated that HCHL mol-
ecules can be used in AAV vectors to complement LC vectors and 
fully correct hemophilia A in the mouse model. HC expression 
from AAV-HCHL vector was significantly higher than the tradi-
tional AAV-HC745 vectors. An approximate fivefold increase in the 
HC antigen level is consistent with in vitro results (Figures 2–8). 
The increase in HC secretion paralleled the increase in coagula-
tion activity in mouse plasma (Figure 7). By adjusting the HCHL to 
LC vector ratio to 9:1, the overall antigen ratio of HC and LC was 
close to 1. Thus, the goal of achieving chain balance was achieved. 
However, the coagulation FVIII activity by aPTT assay was only 
0.1 units, which suggested only 10% of either HC or LC (200 ng) 
associated with the other molecule to contribute to the coagula-
tion activity. We postulate that the inefficient association of HC 
and LC is the primary cause of this discordance between antigen 
and activity levels.

The observation that a balanced HC and LC antigen could not 
maximize the coagulation is unexpected. Because there existed 
disulfide bonds between HC and LC, we speculated that HC and 
LC mostly likely associate with each other more efficiently during 
the secretion pathway. In other words, the disulfide bond between 
HC and LC only formed efficiently with helps from cellular chap-
erons in the secretion process. If HC and LC do not follow exactly 
the same pathway for secretion or not all cells are transduced 
equally with both vectors, HC and LC would not be associated 
with each other efficiently. We found simply mixing purified HC 
and LC does not recover FVIII activity (data not shown), which 
may explain why HC and LC did not achieve maximum activity 
when they are expressed separately. This probably is an inherent 
disadvantage for the dual-chain strategy.

On the other hand, when the HCHL and LC vectors were 
injected at a ratio of 4:1, the antigen ratio of HC to LC protein 
was approximately 1:7–10, and nearly 80–90% of HC contributed 
to coagulation activity. Therefore, to achieve optimal therapeu-
tic effects, it may be necessary to sacrifice balanced HC and LC 
levels at the antigen level. There is no evidence showing that LC 
negatively affected HC and LC association. Higher levels of LC 
protein appeared to be helpful in allowing all HC molecules to 
be associated with LC molecules. Considering the difficulties in 
achieving high-level HC expression, it would be logical to have 
approximately tenfold higher LC protein if excess LC protein at 
this level does not pose immunological or other concerns. Stated 
differently, high-level FVIII activity using the two-chain approach 
may inevitably require excess LC synthesis. The existence of dis-
crepancy between antigen level and coagulation activity in HC740, 
HC1648, and HC1691 muteins (Figure  2) also suggested that the 
association of HC and LC is a critical issue for consideration in 
the strategy of expressing HC and LC from separate AAV vectors. 
Future studies would be warranted to investigate the mechanism 
regulating the HC and LC association.

One important feature of the HCHL molecules is that they were 
synthesized without the introduction of additional non-FVIII 

amino acids. This is of special importance for hemophilia A 
patients because inhibitor formation is tenfold higher than in 
hemophilia B patients even with native FVIII infusion. In HCHL, 
the only difference from HC745 is inclusion of additional amino 
acids from ar3 of FVIII. Although ar3 sequence has been reported 
to affect von Willebrand factor and FVIII LC interaction,37 it is 
less likely that ar3 directly affected HC stability of HCHL for two 
reasons. First, ar3 sequence has no direct binding activity to von 
Willebrand factor.38,39 Second, the secreted HC from HCHL was 
also similar to HC745 because the additional ar3 region amino acids 
were removed in posttranslational processing due to the prote-
olytic site at 1648 (Figure 4). In all, there are few disadvantages 
in adopting HCHL over traditional HC745 as the HC molecule for 
AAV vector delivery due to its improvements in secretion. Further 
studies of HCHL in large animal models will be necessary to evalu-
ate its potential in human gene therapy for hemophilia A.

Materials And Methods
FVIII expression plasmids construction. Human FVIII heavy-chain (HC745) 
and light-chain (LC) coding sequences were obtained from plasmids 
described in previous studies.22,23 The plasmid pAAV-HC encodes the 
human FVIII A1 and A2 domains along with residues 741–745 from the 
B-domain. The plasmid pAAV-LC contained residues 1563–1648 from 
the B-domain and the whole A3–C1–C2 sequences. The plasmids pAAV-
HCHL, pAAV-HC740, pAAV-HC1689, and pAAV-HC1648, pAAV-HC1691 are 
constructed by removing corresponding regions from B-domain-deleted 
FVIII using PCR-mediated site-specific mutagenesis. The detailed FVIII-
related sequences for these plasmids were illustrated in Figure 1. Besides 
flanking inverted terminal repeats, all expressing cassettes were under iden-
tical regulatory elements that included a 562-bp human β-actin promoter 
with a CMV enhancer, a 99-bp modified SV40 intron, and a 232-bp bovine 
growth hormone polyadenylation signal.

Tissue culture and transfection. HEK293 and HEK293FT cells were 
purchased from the American Type Culture Collection (Manassas, VA) 
and cultured in Dulbecco’s modified Eagle medium (Invitrogen, Carlsbad, 
CA) with 10% fetal bovine serum (HyClone, Logan, UT), penicillin (100 U/
ml), and streptomycin (100µg/ml) at 37 °C in a moisturized environment 
supplied with 5% CO2. Transfections were carried out using calcium phos-
phate precipitation as described previously. After transfection, the cells 
were grown for 12 hours in Dulbecco’s modified Eagle medium with 10% 
fetal bovine serum to minimize cell death. The cells were then maintained 
in OPTI-MEM (Invitrogen) medium for 72 hours before the cells and 
medium were collected and the secreted FVIII antigens were analyzed.

AAV vector preparation. Recombinant AAV vectors used in this study 
were based on AAV serotype 8. They were produced by a triple plasmid 
co-transfection method as described previously.40,41 Pseudotype AAV8 
vector was packaged by using AAV helper plasmid containing AAV2 rep 
and AAV8 cap genes. In detail, AAV8 helper plasmid, adenovirus function 
helper plasmid, and AAV-FVIII vector plasmid were co-transfected into 
HEK293 cells cultured in roller bottles at a ratio of 1:2:1. The transfected 
cells were harvested 3 days later. AAV vectors were purified by two rounds 
of cesium chloride gradient ultracentrifuge. After the collected AAV vec-
tors were buffer exchanged extensively against PBS with 5% d-sorbitol, 
vector purity and genome titer were analyzed by silver staining. The final 
vectors were stored at −80 °C before administration.

Animal procedures. Exon 16 FVIII knockout (HA KO) mice were obtained 
from Haig Kazazian.18,42 Immunodeficient CD4 knockout mice (CD4 
KO) were purchased from the Jackson Laboratories (Bar Harbor, ME). 
CD4 and HA double-knockout mice (CD4KOHA) were generated by 
repeated breeding of HA KO with CD4 KO mice to obtain a pure genetic 
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background. All mice were housed in a specific pathogen-free environ-
ment with a normal diet. All surgical procedures involving mice were in 
accordance with institutional guidelines under approved protocols at the 
Children’s Hospital of Philadelphia.

For tail vein injection, a typical injection volume is 200 µl vector 
diluted in saline. The mice are initially put under a heat lamp to increase 
blood flow to the tail vein. Then they are transferred to a holding device 
that restrains the animal while allowing access to the tail vein. The lateral 
tail vein is identified on either side and vector is injected using a 30 g 
needle. After injection, bleedings at the injection was monitored and 
the mouse was returned to the cage after the bleeding was completely 
controlled.

For collecting plasma for coagulation analysis, blood was collected by 
tail clipping using sodium citrate as an anticoagulant at a final concentration 
of 0.38% (wt/vol). The blood samples were then centrifuged at 4 °C for 10 
minutes at 9,000g in a microcentrifuge. The plasmas were then collected 
and stored in −80 °C prior to FVIII assays. For AAV vector administration, 
vectors were injected by tail vein intravenous infusion. Mouse plasma 
postvector administration was harvested as described above.

Quantitative analysis of FVIII antigen and activities. FVIII HC and 
FVIII LC antigen were determined using chain-specific enzyme-linked 
immunosorbent assays (ELISAs). For human FVIII HC-specific ELISA, 
Nunc maxisorp (Nalge Nunc International, Rochester, NY) plates were 
coated with 2 µg/ml HC-specific monoclonal antibody GMA-012 (Green 
Mountain Antibodies, Burlington, VT). After the samples and standards 
(100 µl/well) were incubated at room temperature for 2 hours, they were 
washed 3× with PBS+0.5% Tween 20. Then a horseradish peroxidase–
conjugated ESH5 (American Diagnostica, Greenwich, CT) was added to 
the plates and incubated for 2 hours at room temperature. After the final 
wash, the antigen was detected using ABTS substrate (Roche, Germany) 
and the absorbance was read at 405 nm. The hFVIII LC ELISA was per-
formed similarly with the following modifications: (i) the capture antibody 
was changed to 2 µg/ml human FVIII LC-specific N55195M (Biodesign 
International, Saco, ME), and (ii) the detection antibody was changed 
to horseradish peroxidase–conjugated ESH8 (American Diagnostica, 
Greenwich, CT). For all ELISAs, the standard used was recombinant 
B-domain-deleted FVIII, ReFacto (Genetics Institute, Cambridge, MA).

Biologically active FVIII in media and plasma was measured using 
the activated partial thromboplastin time (aPTT) assay as previously 
described.18,22,42 ReFacto was used as the standard.

Western blot analysis of FVIII. To analyze intracellular FVIII antigen, cells 
transfected with FVIII plasmids were lysed with RIPA buffer (50 mmol/l 
Tris-HCl pH 7.4,150 mmol/l NaCl, 1 mmol/l phenylmethylsulphonyl fluo-
ride, 1 mmol/l EDTA, 1% Triton x-100, 1% sodium dodecyl sulfate). After 
sonication to break the genomic DNA, equal volumes of 2× sample buffer 
was added and boiled for 2 minutes. For secreted FVIII, medium were con-
centrated and desalted by Centricon (Millipore, Bedford, MA) before 2× 
sample buffer was added. The resulting samples were analyzed by 4–12% 
gradient sodium dodecyl sulfate–polyacrylamide gel electrophoresis gels 
and then transferred to nitrocellulose membrane for western blot. After 
blocking the membrane in PBS/10% skim milk powder/0.3% Tween-20, 
a mouse anti-hFVIII A2 domain antibody, N77210M (1:1,000 dilution; 
Biodesign International, Saco, ME), was added, and the membrane was 
incubated overnight at 4°C. The membrane was washed, incubated with a 
HPR-conjugated sheep antimouse IgG antibody (1:2,000 dilution; Sigma, St 
Louis, MI), and developed using an enhanced chemiluminescent substrate 
(Amersham-Pharmacia Biotech, Piscataway, NJ).

Thrombelastographic measurements. Thrombelastographic measure-
ments were performed by ROTEM (Pentapharm, Munich, Germany) in 
citrated whole blood using the intrinsically activated tests. In detail, whole 
blood samples were collected and tested within 30. All tests were performed 

in Rotem cup and pins prewarmed to 37 °C, and 300 µl of whole blood was 
dispensed into the sample cups according to the IN-TEM program. The 
parameters of ROTEM analysis include “coagulation time” (CT), which 
corresponds to the reaction time in a conventional thrombelastogram, and 
“clot formation time,” which stands for the CT. All reagents were purchased 
from Pentapharm. The ROTEM devices were monitored for correct func-
tion using quality-control serum (ROTROL; Pentapharm).

Statistical analyses. Two-tailed Student’s t-tests and one-way ANOVA with 
Bonferroni multiple comparison post-test were performed. The differences 
were considered significant when P was <0.05. The analysis was performed 
using the SPSS 11.0.
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