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Summary
Haemophilia A and B are rare inherited bleeding disorders, caused by deficiency or dysfunction .of the coagulation 

factors(F) VIII (haemophilia A) or IX (haemophilia B) which have an essential role in the coagulation cascade. 

These dysfunctions cause a defect in clot formation and consequent bleeding diathesis. The main therapeutic strat-

egy is the venous infusion of either plasma-derived or recombinant products. Treatment is given in response to an 

acute bleeding episode (on-demand) or as prophylaxis by infusion 2-3 times per week to prevent haemorrhages.  

Nowadays, the introduction of new extended half-life products has transformed the concept of haemophilia replace-

ment therapy by reducing the frequency of injections, achieving a higher trough level and improving patients' quality 

of life. Furthermore, a substantial change has happened with the availability of the bispecific antibody. Haemophilia 

A patients with and without inhibitors can be subcutaneously treated reducing significantly the interval between 

injections once a week or every two weeks.  

In the last few years, clinical trials in both haemophilia A and B hve shown efficacy and durability of transgene 

expression. Phase 1/2 studies have shown that a single intravenous infusion allows to reach a normal level in patients 

with haemophilia A and B. Long-term follow-up for gene therapy in haemophilia B showed that the infusion of a 

single dose of vector resulted in a therapeutic FIX activity level after 10 years. These levels of FVIII and FIX 

expression allow to patients to leave the prophylactic regimen and to reduce the bleeding events to zero.  

This article mentions the state of the art of gene therapy studies for haemophilia A and B, including data on efficacy 

and any side effects observed until now. 

Introduction 

Gene therapy has been one of the greatest biotech-

nological success stories of the 21st century. The 

first approved gene therapy procedure was per-

formed in a patient with a rare genetic disease, aden-

osine deaminase deficiency (ADA), in 1995 (1). 

Nowadays, gene therapy is a promising medication 

applicable to a broad number of diseases, with 

nearly 400 clinical trials currently underway for the 

first quarter of 2019. Haemophilia is an ideal target 

for gene therapy being a monogenic disorder and in 

addition, a modest increase in clotting factor activ-

ity (1 IU/dL) can reduce clinical symptoms and can 

be easily measured by routine laboratory testing. 

(2).  

Gene therapy consists of effective strategies that in-

volve the administration of genes in vivo directly 
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into the target cells or tissues of patients or ex vivo 

delivery of the gene into autologous cells followed 

by a transfer in the patient (3). After the first suc-

cesses, progress was slowed down due to serious 

adverse events in patients treated with gene therapy. 

The first ‘biotech death’, as defined in the 1999 by 

The New York Time Magazine, occurred in a young 

patient enrolled in a clinical gene therapy trial for 

ornithine transcarbamylase deficiency (OTC). The 

immune system of patient responded immediately 

after administration of adenovirus at very high 

doses and died four days later due to multi-organ 

failure (4). At the beginning of the 2000's another 

serious adverse event occurred in patients treated 

for severe combined immunodeficiency (SCID) by 

ex vivo gene delivery: the occurrence of vector-re-

lated leukaemia (5,6). Consequently, all gene ther-

apy trials had been halted, and over the following 

decade, the research community worked on improv-

ing the safety, capacity, and efficacy of the viral 

vectors (6).  

The first gene therapy experience in haemophilia 

was conducted with an ex vivo gene transfer.  Two 

patients with haemophilia B has been treated in 

1996 using retroviral vector administration in autol-

ogous skin fibroblasts (7). This experience resulted 

to be safe, but the transgene expression was not long 

lasting and lost the expression after 420 days. 

Subsequently, there have been considerable im-

provements to manufacture novel vectors to obtain 

substantial expression levels and long-term duration 

while improving safety levels. 

An efficient gene transfer in animal models with 

haemophilia was achieved using adeno-associated 

virus (AAV). Therapeutic levels of functional FVIII 

and FIX in a dose-dependent manner were obtained 

(8-15). AAV is a non-enveloped parvovirus that can 

be arranged to deliver DNA to target cells and has 

attracted interest especially in clinical-stage experi-

mental treatment strategies. AAV is a defective vi-

rus that requires a helper virus for an active infec-

tion, otherwise it can establish a latent infection 

through integration into host genome or mainte-

nance as a circular episomal form (16). The ability 

to generate recombinant AAV particles without any 

viral genes and containing DNA sequences of inter-

est for various therapeutic applications has thus far 

proven to be one of the most commonly used strat-

egies in gene therapy.  

AAV is considered as a non-integrating vector and 

this can be a limit to their long-term expression. 

However, random integration events were observed 

with a low frequency of 10-4 - 10-5 with no prefer-

ence for specific genomic loci (17,18). A recent 

study of gene therapy, in animal model, has shown 

that fragments of the sequence of vector, cDNA or 

regulatory elements, were integrated in the genome 

of the cells of the animals treated with AAV vectors. 

While AAV integration was observed, the animals 

had no evidence of malignancy (19). The authors 

report that integration may be essential for long-

term expression of a protein, but it could become an 

intolerable risk of developing cancer (20). The hy-

pothesis that AAVs are linked with tumour is con-

troversy, since some studies report that infection 

with AAVs has an oncogenic effect in the animal 

model and others suggest a tumour suppressive role 

(21-25). 

Another drawback issue is the pre-existing antibod-

ies against the capsid protein that can hinder the use 

of AAV by preventing liver transduction. About 

40% of the general population has a pre-existing im-

munity for some AAV serotypes that pose a critical 

challenge for the translation of gene therapies (26). 

New alternative strategies are emerging to try to 

eradicate these antibodies as well as the plasma ex-

change or the administration of immunosuppressive 

drugs. 

AAV vectors have been shown to be effective in im-

proving the bleeding phenotype by maintaining sus-

tained levels of FIX expression in preclinical stud-

ies in animal model of haemophilia B conducted in 

the late 1990s (8,11,13,15,27,28). The first patients 

were enrolled in a gene therapy trial in 2006 (29). A 

recombinant AAV vector serotype 2 (rAAV-2) ex-

pressing FIX was delivered in the portal vein which 

was considered the optimal delivery of the thera-

peutic gene directly into the liver, being the natural 
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site for FIX synthesis. Therapeutic levels of FIX, 

12% in one patient and 4% in the other patient, was 

documented in the group of patients treated with the 

highest dose (2x1012 vg/kg) of vector, and duration 

of expression at therapeutic levels was limited to a 

period of eight weeks (29). A transient asympto-

matic elevation of liver transaminases was observed 

in conjunction with the decrease in FIX level, prob-

ably due to an immune response to the AAV capsid 

(30). 

Haemophilia B clinical trails 

The first evidence that gene therapy could change 

the cure in haemophilic patients was obtained in 

2011 by Dr. Nathwani and Prof. Tuddenham (31). 

A self-complementary AAV serotype 2 pseudo 

typed with a capsid of serotype 8 (scAAV2/8-LP1-

hFIXco) was chosen for its notable liver tropism 

and relatively low rate of neutralizing antibodies to 

the vector capsid, since AAV8 wild-type virus 

rarely infects humans (32,33). To ameliorate the ex-

pression of the molecule, F9 cDNA was codon-op-

timized and transcriptional control elements was 

modified. Six patients with severe haemophilia B 

were infused with a low (2x1011 vg/kg), intermedi-

ate (6x1011 vg/kg) and high dose (2x1012 vg/kg) of 

the vector. FIX activity level was observed in all in-

fused patients, and the highest FIX levels was ob-

served in the high dose group with a range from 8 

to 12% of normal levels. A significant adverse event 

encountered during the trial was represented by 

asymptomatic transient elevation of serum liver en-

zymes in two of the six participants treated with the 

high dose of vector, which resolved with a course of 

steroid therapy (31). Evidence of durability of gene 

therapy was reported in 2014. Six participants en-

rolled in the initial phase 1 trial showed a range of 

FIX activity from 1,4% to 7,21%, as well as four 

additional patients receiving the high dose of vector 

(2x1012 vg/kg) exhibited a range of activity from 

2,8% to 6,6% over a median period of 3 years (34). 

These patients have been followed and monitored  

for a period of almost ten years showing a stable 

FIX activity level between 2.0% and 5.0% (35). In 

subsequent years, alternative AAV vector serotypes 

have been employed to circumvent possible pre-ex-

isting immunity effects, and different vector dos-

ages were infused to achieve the best transduction. 

DTX101 is an AAVrh10 vector containing a codon-

optimized wild-type F9 cDNA (Dimension Thera-

peutics). Patients were infused intravenously with 

two different doses (1.6x1012 vg/kg and 5x1012 

vg/kg). After a follow-up period of 52 weeks, the 

level stabilised at 3-4%, and recently, the company 

decided to discontinue this clinical trial because the 

Phase 1/2 open-label clinical study did not demon-

strate an ability to achieve a minimum target prod-

uct profile for continued development or future 

commercialization (36,37). 

UniQure Biopharma has a phase 1/2 study for hae-

mophilia B with an AAV5 vector containing wild-

type F9 cDNA (AMT-060) at doses of 5×1012 to 

2×1013 vg/kg. Treatment with AMT-060 resulted in 

a stable FIX activity levels, with a mean yearly FIX 

levels at 6.0% in the low dose group across 4 years 

and 7.9% in the high dose group at 3.5 years. A sin-

gle infusion of AMT-060 results in a reduction in 

the mean annualized bleeding rate (ABR) of 88% 

and 83%, and also the consumption of FIX concen-

trates decreased 96% and 93% compared to the pre-

treatment period (38,39). A transient increase in al-

anine aminotransferase level occurred in the first 

3.5 months post AMT-060 infusion in three sub-

jects; all three subjects received steroid therapy and 

none experienced appreciable FIX activity loss.  

To improve vector performance and increase FIX 

expression levels, the gain-of-function mutation 

known as Padua (R338L) has been inserted into the 

F9 cDNA. This naturally occurring mutation in the 

FIX catalytic domain increases FIX activity levels 

by 5 to 10 times compared with the wild type FIX 

(40).  

BAX335, an AAV vector serotype 8 (AskBio9001, 

BAX335) containing F9 cDNA with FIX-Padua 

variant with liver specific promoter/enhancer  ele- 
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ments. During phase 1/2, eight patients have been 

treated with three ascending doses of vector. Me-

dian peak FIX levels were 3.5%, 12.0%, and 45.0% 

in patients managed with the low (2x1011 vg/kg), in-

termediate (1x1012 vg/kg) and high (3x1012 vg/kg) 

dose, respectively (41). Only two out of all treated 

subjects have sustained FIX expression for a year, 

and one subject, treated with the intermediate dose, 

continues to have a FIX level of 20% at follow-up 

of nearly 2.5 years (41). A transient elevation in 

transaminase level has been reported in two pa-

tients.  

The clinical trial supported by Spark Therapeutics 

in collaboration with Pfizer, conducted in haemo-

philia B patients, with a hepatotropic AAV vector 

expressing the FIX Padua variant (fidanacogene 

elaparvovec, previously SPK-9001) showed to 

achieve a relevant improvement of FIX activity lev-

els. Data on the first ten patients who received the 

infusion of SPK-9001 showed a mean sustained 

FIX activity level of 33.718.5% (14.3-76.8%) over 

a period of 52 weeks, resulting in complete cessa-

tion of the prophylaxis in eight of ten patients (42). 

There were no serious adverse events involving the 

development of FIX inhibitor or thrombosis. The 

data on fifteen patients infused with fidanacogene 

elaparvovec with a follow-up of more than 1 year 

were reported during the American Society of He-

matology (ASH) meeting 2019. The mean of FIX 

activity levels was 22.9%9.9% after one year as 

measured by one-stage assay. Three patients were 

treated with steroids for an asymptomatic increase 

of alanine aminotransferases (43).  

UniQure Biopharma has later developed another 

AAV5 viral vector carrying a gene cassette contain-

ing F9 cDNA with FIX-Padua variant to improve 

the expression level of FIX protein (AMT-061). Pa-

tients received one intravenous infusion at dose of 

2×1013 vg/kg. After AMT-061 treatment, FIX ac-

tivity increased rapidly to a mean of 31% at six 

weeks. The FIX activity reached the mean level of 

45% over 36 weeks demonstrating a reduction of 

ABR of 100%. There were no clinically significant  

elevations in liver enzymes and no patients required 

steroids therapy (44).  

UCL Royal Free Hospital and Freeline Therapeu-

tics is performing a phase 1/2 clinical trial in hae-

mophilia B patients with FLT180a (AAV2/S3-

HLP2-Ti-FIXco), a next generation vector that con-

sists of single strand AAV in which a FIX codon 

optimised with the FIX-Padua under the control of 

a new small liver-specific (HLP2) promoter and en-

capsulated in a novel synthetic capsid (AAV/S3) 

which significantly improve the transduction of hu-

man hepatocytes (45). Two patients have been 

treated with low dose of vector (4.5x1011 vg/kg). 

These patients received prophylactic steroids treat-

ment between week 4 and week 12 to decrease the 

risk of transaminitis. Steady state FIX:C levels were 

42.5±6% at 52 and 44 weeks of follow- up. Prophy-

laxis with FIX concentrates was stopped within the 

first week post FLT180a administration (45).  

A next generation vector, TAK-748/SHP648 (Bax-

alta/Takeda), is in development and includes three 

cis-regulatory elements (CRM8) to increase the 

strength of the liver-specific transthyretin promoter 

driving the expression of a human FIX transgene. 

The dose-response relationship has been explored 

in FIX knockout mice and monkeys (46). These ex-

periments showed that the treatment with TAK-

748/SHP648 was well tolerated and efficacious re-

sulting in a dose-dependent plasma FIX activity. 

Phase 1/2 is ongoing to evaluate the safety with a 

dose escalation study (EudraCT2018-004024-11). 

The studies of gene therapy in haemophilia B have 

demonstrated a long-term expression of FIX 

transgene for several years following administration 

of a single dose of the AAV vectors, even though 

the AAV genome is retained in the liver in an epi-

somal form and is supposed to lose its expression 

over time. Recently, a study in dogs with haemo-

philia A reported long-term expression of transgene 

protein between 2.2 and 10.1 years. Integration 

events in the liver cells of multiple dogs were shown 

without any evidence of tumorigenesis (19). This 

may suggest that integration events could occur that 
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justify the long-term expression of FIX observed in 

several clinical trials. Therefore, a long-term fol-

low-up study is required to evaluate the safety of 

gene therapy trials in human. 

In the majority of clinical trials, an increase in trans-

aminases was reported. This important adverse 

event was often observed in association with a tran-

sitory decline in FIX levels. The pathophysiological 

mechanism for the liver toxicity remains unclear. 

One explanation could be that the liver toxicity was 

likely caused by a capsid-specific cytotoxic T cell 

responses against the vector-transduced cells (47). 

The elevation of transaminases generally resolved 

with a short round of steroid therapy. However, un-

fortunately, steroid therapy is not successful in all 

patients, because the immunosuppressive action of 

this drug does not stop capsid-specific T cell re-

sponses (47) and to date, duration, optimal dose and 

time to start this treatment is not clear yet.  

Haemophilia A clinical trails 

To improve FVIII expression, modifications of the 

human F8 cDNA has been performed: a codon-op-

timized human FVIII cDNA has been designed, the 

B domain has been replaced, and also the liver-spe-

cific promoter has been added. This remodelling of 

F8 cDNA determined an increased FVIII expres-

sion in in-vivo gene transfer conducted in mice and 

non-human primates (48-50). 

In 2017, a single peripheral infusion of an AAV5 

vector containing a codon-optimized B-domain de-

leted F8 cDNA, in nine men with severe haemo-

philia A showed a sustained normalization of FVIII 

activity level. The changes in the vector and the F8 

cDNA resulted in successful gene transfer, despite 

the large size of the coding region. A value of 3% 

or less of FVIII activity was detected in patients 

treated with low and intermediate dose of vector 

(6×1012 vg/kg and 2×1013 vg/kg). In six patients ad-

ministered with high dose (6x1013 vg/kg), the FVIII 

activity level increased to a normal value (>50%) 

(51). Data from the phase 1/2 clinical trial in hae-

mophilia A using Valrox (valoctocogene roxapar-

vovec; BMN 270; BioMarin Pharmaceutical) at two 

different doses of 6x1013vg/kg and 4x1013vg/kg 

showed that the mean FVIII activity level was 64% 

with the highest dose of vector and 21% with the 

other dosage measured with the chromogenic assay 

one year after infusion. At the end of the second 

year, FVIII activity levels in the high dose cohort 

measured by the chromogenic assay were about 

36.4% on average. A durable expression was also 

shown in the cohort of patients treated with a lower 

dosage of vector; the mean FVIII activity level was 

15%. The expression FVIII appeared to reach a plat-

eau in the third year with a mean level of FVIII of 

32.7% in the high dose cohort of patients (52). The 

efficacy was evaluated considering the ABR that re-

sulted to be declined from pre-treatment mean by 

96% at year three in 6×1013vg/kg and 92% at year 

two in 4×1013vg/kg (52). Considering the safety 

profile, Valrox was well tolerated, eight participants 

had increased values of alanine aminotransferases, 

which resolved without sequelae. No patient devel-

oped antibodies against FVIII. Valrox was the first 

gene therapy for the treatment of patients with hae-

mophilia A that has undergone FDA priority re-

view. Unfortunately, the FDA rejects gene therapy 

for haemophilia BIoMarine, asking for more data. 

The FDA has recommended BioMarin to complete 

the Phase III study and to submit two-year safety 

and efficacy follow-up data on the 134 patients.. 

A bioengineered AAV capsid (SPK-8011) express-

ing B-domain deleted FVIII under the control of a 

liver-specific promoter at three different doses 

(5x1011 vg/kg, 1x1012 vg/kg or 2x1012 vg/kg) has 

been administered in twelve patients with haemo-

philia A (Spark Therapeutics/Roche) (53-54). A 

mean FVIII level of 13% and 15% was observed in 

patients treated with low and intermediate dose of 

the vector. While, five out of seven subjects who re-

ceived a high dose of the vector had a FVIII level of 

30% at 12 weeks post-infusion, additionally, these 

patients received a course of steroid therapy, started 

at 6-11 weeks post vector infusion (54). Two pa-
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tients experienced an elevation of transaminase as-

sociated with an immune response to AAV capsid. 

Starting steroids normalized the level of liver en-

zymes, however, these two patients also showed a 

decrease in FVIII activity level (<6%). A good effi-

cacy profile was observed with a 97% reduction in 

ABR. No evidence of inhibitor formation was re-

ported (54). 

A phase 1/2 clinical trial supported by Sangamo 

Therapeutics was conducted in patients with hae-

mophilia A treated with a rAAV vector serotype 6 

carrying a B domain deleted F8 cDNA (SB-525). 

Eleven patients received a single infusion of SB-

525 across four ascending doses of vector (9x1011 

vg/kg, 2x1012 vg/kg, 1x1013 vg/kg or 3x1013 vg/kg). 

Patients in the high dose cohort showed FVIII ac-

tivity levels within the normal range at 28 weeks 

post infusion, resulting in complete cessation of 

prophylaxis. No alanine aminotransferase elevation 

was observed in the three cohort of patients treated 

with low or intermediate dose of vector. While in 

the high dose cohort, three patients experienced a 

transient liver enzymes elevation managed a course 

of steroid, but none were associated with a loss of 

FVIII activity (55). 

Preliminary data has been reported from the phase 

1/2 clinical trials in haemophilia A, in which one 

patient with severe haemophilia A received a dose 

of 6x1011 and the subsequent two patients received 

a dose of 2x1012 vg/kg of AAV8-HLP-hFVIII-V3 

vector (University College London). FVIII activity 

levels more than >5% have been achieved which re-

mained stable over a period of 47 weeks (56). Ami-

notransferase elevation was observed in two pa-

tients treated with steroid therapy within 48 hours 

of the onset of transaminitis with no loss of 

transgene expression (56). 

A non-replicating AAV vector, based on the sero-

type hu37, containing a B domain deleted F8 cDNA 

under the control of a liver-specific promoter/en-

hancer (BAY 2599023) has been designed by 

Bayer. AAVhu37 capsid has been selected for its ef- 

 

ficient liver-directed gene transfer, favourable bio-

distribution and durable expression of FVIII (57). 

Preliminary data from first patients enrolled in the 

phase 1/2 clinical trials showed that AAVhu37 at a 

dose of 0.5 x1013 vg/kg determined a stable FVIII 

expression at 15 weeks. A value of 5% and 15% was 

measured post single infusion in the first two pa-

tients. No elevation of liver enzyme levels has been 

experienced and steroid was not used in either pa-

tients (57).  

An alternative AAV vector for gene transfer in pa-

tients with haemophilia A with a liver-specific 

transthyretin promoter to guide the expression of 

codon optimized human B-domain deleted FVIII 

(SHP654/TAK-754/BAX888;Baxalta/Takeda) has 

been shown to be effective in animal models (58). 

Recently, Phase 1/2 Study of the safety and dose es-

calation of BAX 888 started with recruitment of pa-

tients. A phase 1/2 study for the treatment of hae-

mophilia A patients with inhibitors is ongoing. 

Spark Therapeutics has developed a modified AAV 

vector (SPK-8016) that carries a bioengineered 

gene encoding anti-FVIII inhibitors whose protein 

product can suppress FVIII inhibitors (59). The first 

part will evaluate the safety, efficacy and tolerabil-

ity of SPK-8016 in adult males with clinically se-

vere hemophilia A and no measurable inhibitors 

against FVIII.  

The data obtained from this first part will inform the 

study design and dosage selection for second part in 

patients with FVIII inhibitors. The first data are ex-

pected during the first half of 2020. 

AMT-180 is being developed by uniQure as a gene 

therapy candidate for the treatment of haemophilia 

A patients who have developed FVIII inhibitors. 

This is a special viral AAV5 vector to deliver two 

modified versions of the FIX cDNA with four 

amino acid substitutions previously described (60).  

These FIX variants showed cofactor-independent 

activity which are capable of promoting coagulation 

in the absence of FVIII both in vivo and in vitro.  

Experiments in haemophilic mice and also in non- 
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human primates have demonstrated a restoration of 

coagulation without thrombotic events (61). 

The results of these trials confirm the efficiency and 

durability of AAV-mediated gene transfer follow-

ing systemic administration of the vector. An 

asymptomatic rise in liver enzymes has been ob-

served in treated patients and resolved with a course 

of oral steroid therapy. Concurrent with the onset of 

this adverse event, a decline in FVIII activity levels 

has been observed. Furthermore, there have been no 

additional reports of other serious adverse events, 

such as inhibitors development, in any of the re-

ported trials.   

Conclusions 

Gene therapy is rapidly growing as a therapeutic re-

ality for an increased number of patients with a wide 

range of diseases. In the last few years, clinical trials 

in gene therapy, for both haemophilia A and B, have 

been developed showing great efficacy and more 

durability, almost ten years for haemophilia B and 

three-four years for haemophilia A until now.  

The severe phenotype of the haemophilia A and B 

patients has been converted to mild or even normal 

by gene therapy, which is becoming an exciting 

choice in the field of haemophilia treatment. There-

fore, the effectiveness of gene therapy, accelerated 

more critically by scientific progress and clinical 

successes, justifies continued optimism and increas-

ing efforts toward making these therapies the future 

of haemophilia management. Although, there are 

still some critical issues that need to be addressed as 

the increase in liver enzymes, the safety profile of 

different AAV serotypes, the effect of the vector 

manufacturing process, and also the potential geno-

toxicity derived from integrating gene delivery vec-

tors.  

Another relevant question, recently risen, is the dis-

crepancy in FVIII and FIX activity assays. Several 

gene therapy clinical trials reported some differ-

ences in the FIX activity measurement using FIX 

Padua variant transgene product and  recombinant  

human FIX-Padua when tested with different one-

stage and chromogenic assays (62-64). Moreover, 

Rangarajan and colleagues in 2017 reported that the 

FVIII activity levels measured by one stage clotting 

assay were approximately 1.65 times as high as the 

FVIII levels determined by the chromogenic assay 

(51). The heterogeneity of the data obtained with 

the different clotting assays makes difficult to com-

pare the results between different clinical studies. A 

further issue concerns the availability of assays for 

the detection of pre-existing immunogenicity 

against different AAV serotypes. The International 

Society on Thrombosis and Haemostasis (ISTH) 

Scientific and Standardization Subcommittee (SSC) 

on Factor VIII, Factor IX and Rare Coagulation 

Disorders with specific working groups should op-

timise and standardise assays to measure transgenic 

expression and to detect the presence of pre-existing 

immunogenicity against the AAVs. 

In conclusion, new trials are emerging with the use 

of powerful and flexible vehicles such as lentivi-

ruses which shown a high efficiency of gene trans-

fer and a capacity for stable transgene integration in 

the genome of target cells (65). Finally, genome ed-

iting technologies are evolving very rapidly. Re-

cently, one of the most used genome editing tool, 

CRISPR/CAS9, has been used to mediate the inser-

tion of human F9 and F8 in mice and non-human 

primates achieving therapeutic levels of these coag-

ulant proteins (66-68). These approaches could also 

offer a precise tool for correcting the genome and 

can overcome many of the drawbacks of strategies 

that rely on viral vectors. Future research will shed 

more light on these questions. 
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