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In the last decade, enormous progress has been made in the
development of gene therapy for hemophilia A and B. After
the first encouraging results of intravenously administered
adeno-associated virus (AAV)-based liver-directed gene
therapy in patients with severe hemophilia B were reported
in 2011, many gene therapy studies have been initiated.
Most of these studies, using AAV vectors with various
gene constructs, showed sufficient factor VIl and IX
expression in patients to significantly reduce the number
of bleeds and the need for prophylaxis in most patients
with severe hemophilia. This resulted in great clinical

benefit for nearly all patients. In this review, we will summa-
rize the most recent findings of reported and ongoing gene
therapy trials. We will highlight the successful outcome of
trials with focus on the results of recently reported phase
1 trials and preliminary results of phase 2b/3 trials for hemo-
philia A and B. These new reports also reveal the impact of
side effects and drawbacks associated with gene therapy.
We will therefore also discuss the limitations and remaining
issues of the current gene therapy approaches. These issues
must be resolved before gene therapy will be widely avail-
able for the hemophilia patient population.

Current and emerging treatments for
hemophilia A and B

Hemophilia is an X-linked hereditary bleeding disorder caused by
defects in the F8 or F? gene, which results in a deficiency of coagu-
lation factor VIII (FVIII) or FIX. Patients with severe hemophilia receive
intravenously administered factor concentrate several times per
week, thereby reducing joint bleeds and long-term arthropathy.’
Despite this intensive prophylactic regimen, bleedings may still
occur, and eventually arthropathy develops over time in many
patients.>> In the last decade, long-acting FVIIl and FIX products
have been developed requiring less intravenous injections, resulting
in higher trough factor levels and a low bleeding rate.*> Other devel-
opments are the nonfactor treatments, of which subcutaneously
administered emicizumab, a monoclonal antibody mimicking the
action of FVIII, is now registered for use in patients with hemophilia
A%’ Despite these great improvements, patients still need regular
treatment. Also, the risk of bleeding is not completely abolished,
and additional treatment is still needed before and after surgical
interventions. Gene therapy for hemophilia is another developed
treatment modality, and recent studies show long-term factor expres-
sion and great clinical benefit for patients. However, with the intro-
duction of extended half-life products and nonfactor treatment, the
benefit/risk ratio of gene therapy vs other treatments has to be taken
into account and considered for each individual patient.®"'?

Gene therapy: rationale and
historical studies

Gene therapy is a suitable treatment of hemophilia for various rea-
sons. Hemophilia is caused by a single gene defect, a minimal

© 2021 by The American Society of Hematology

expression of FVIII or FIX already leads to major improvement of
the bleeding phenotype, and gene expression can be evaluated
easily by measuring factor levels in plasma. The first studies using
an ex vivo approach of gene therapy by gene transfer in autolo-
gous fibroblasts or hematopoietic stem cells, resulted in short-
lasting low expression of FVIIL.™ Adeno-associated virus (AAV)-
based gene therapy was introduced 20 years ago by intramuscular
injection of recombinant AAV (rAAV)-FIX in patients with hemo-
philia B. The procedure was safe, and expression in muscle biop-
sies lasted for more than 3 years; however, it resulted in a minimal
increase of plasma FIX (most patients <1%).'4"¢

In 2006, the first AAV2-based liver-directed gene therapy clinical
study in patients with hemophilia B showed temporarily expres-
sion of FIX. The vector was administered in the hepatic artery,
and FIX expression lasted for 2 months.!” Long-term follow-up
revealed no adverse events, no liver toxicity, and no development
of hepatocellular carcinoma (HCC) even after a period of 12 to 15
years after vector administration.'® In 2011, the first study in
patients with hemophilia B treated with intravenously adminis-
tered liver-directed AAV8-based therapy showed expression lev-
els of FIX between 1 and 6 1U/dL, which resulted in a reduction
of bleedings without the need for prophylaxis.'” After 3 years, 6
patients treated with the highest vector dose had median FIX lev-
els of 5 IU/dL, showing long-term stable expression, now even
lasting for >8 years.”® These promising results were the basis
for further development of gene therapy by several research
groups and companies. Currently 47 trials on gene therapy for
hemophilia have been carried out or are ongoing (clinical trials.-
gov; January 2021). For tables summarizing all hemophilia A
and B gene therapy trials, we refer to recent reviews.?%?'
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Results of recent AAV-based gene

therapy trials for hemophilia A and B
Hemophilia A

The first study on intravenously administered AAV-based liver-
directed gene therapy for hemophilia A patients was reported in
2017."° Because of the size of the full-length FVIII gene, which is
too large to be packed in an AAV viral vector, a construct encod-
ing for B-domain deleted FVIIl was used. Initial findings of this FVIII
gene therapy trial using AAV5 (valoctocogene roxaparvovec) were
very encouraging, showing median levels of 77 IU/dL (range,
19-164 1U/dL) at 1 year using a vector dose of 6 X 10" vector
genomes (vg)/kg. The reported FVIII levels were obtained with a
1-stage clotting assay (OSA), which gives 1.65-fold higher levels
than chromogenic assays (CSAs). Long-term data after 3-year
follow-up showed a marked reduction of the expression com-
pared with the FVIII levels at 1 year (median CSA, 20 vs 60 1U/
dL).# According to the recently reported 4-year data from the 6
x 10" vg/kg cohort, the decline in FVIII activity continues (median
CSA, 16.4 1U/dL).% Recently, the 1-year data of the phase 3 study
in which 134 patients received 6 X 10" vg/kg of valoctocogene
roxaparvovec were reported.?* Median FVIIl activity using the
CSA was 23.9 IU/dL after 1 year (n = 132; mean, 42.9; standard
deviation [SD], 45.5), and the median annualized bleeding rate
was 0.0 (mean, 0.8; SD, 3.0). Further details of the study results
are awaited, but the large sample size of this study will hopefully
allow investigation of several factors that may affect the level
and duration of expression of FVIIl. Another study on AAV gene
therapy in 12 patients with hemophilia A by Spark (SPK8011)
showed FVIII levels between 12 and 30 IU/dL (assay type not
specified), sufficient to prevent bleeding without the need of pro-
phylaxis. In this study, lower vector doses were infused 0.5 to 2 X
10" vg/kg compared with the Biomarin study.?® Recently, data of
a subset of 5 patients who achieved a steady-state FVIIl expression
after 8 to 12 weeks revealed no decline of FVIIl over a period of
2 years (FVIII:C between 5.2% and 19.8%). However, 2 patients
of the initial cohort lost expression of FVIII and restarted prophy-
laxis.2¢ Recently, the first data of a phase 1/2 dose-finding study
on the use of AAVhu37 capsid vector technology (BAY 2599023,
Bayer GET8 study) were presented. In total, 6 patients in 3 dose
cohorts showed variable FVIII expression, which was sustained
over time up to 16 months. The 2 patients in the highest dose
cohort (2 X 103 gene copies [gcl/kg) had FVIII levels (CSA) of 12
and 72 IU/dL, but the durability of FVIII response cannot be
assessed because of the short follow-up.”’ The study using
AAV6-B-domain deleted FVIII (giroctocogene fitelparvovec [SB-
525; ALTA study Sangamo/Pfizer]) showed highly variable FVIII
expression levels measured with CSA.?® Five patients in the highest
dose cohort (3 X 10" vg/kg) achieved FVIII levels within the normal
range (mean at 8 weeks, 61.5 IU/dL; SD, 26.1 IU/dL) with no bleed-
ing events and no requirements of FVIIl administration at 24 weeks.
After a follow-up of 1 year, the median steady-state FVIII activity
(CSA) was 50.2 IU/dL (mean, 80.1; SD, 93.3); however, the individ-
ual data of most patients show a decline over time?’ (Table 1).

Unfortunately, data of the various phase 1 studies is difficult to
compare because of a limited number of observations. There is
high variability in FVIII expression not only between the various
studies but also within dose cohorts in the various studies. In addi-
tion, the reported outcomes in the studies are not uniform regard-
ing measurements of FVIII levels (CSA or OSA). An important
observation in 3 of the abovementioned studies, including the
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preliminary results of the phase 3 study with valoctacogene roxa-
parvovec, is the decline of FVIII expression over time.

Hemophilia B

Most AAV-based gene therapy studies to date have been per-
formed in patients with hemophilia B (Table 1). As mentioned
above, the first study showing long-term expression of FIX using
AAVS liver-directed gene therapy was performed by Nathwani
et al.”?° Another phase 1 study with AMT-060 (uniQure), a
rAAV5 capsid containing the WT-FIX gene showed vector dose-
dependent expression of FIX in 2 dose cohorts, with expression
levels around 7 1U/dL in the highest dose cohort.'? Recent data
after 5 years of follow-up showed stable and durable expression,
with a mean FIX level (OSA) of 5.2 IU/dL (95% confidence interval
[Cl]: 2.0-8.4) and 7.4 1U/dL (4.2-10.6) in the low dose and high
dose cohort, respectively. This was associated with a sustained
reduction of factor IX use and ongoing reduction of the number
of bleeds.*° To obtain higher FIX activity levels, fidanacogene ela-
parvovec (SPK9001; Spark) was developed, an AAV-FIX-Padua
(FIX R338L) construct, which contains a FIX variant with a five- to
eightfold higher specific activity. The phase 1 study with this
Padua variant showed a mean FIX activity of 33.7 = 18.5 U/
dL." This FIX-Padua variant is now used in all ongoing FIX
gene therapy trials. A phase 2b study in 3 patients and a phase
3 study in 54 patients with etranacogene dezaparvovec (AMT-
061, uniQure), using the same vector as AMT-060, showed a
mean FIX activity (OSA) of 47 and 37.2 IU/dL, respectively, 6
months after gene transfer." In the phase 3 study, this enabled
discontinuation of prophylaxis in 96% of patients, and 72% of
patients did not report any bleeding during follow-up.*? This is
an important study because patients with preexisting neutralizing
antibodies to AAV5 were also included. One patient with the
highest titer (3212) did not respond to treatment, but the other
patients with titers up to 678 had FIX expression similar to patients
without neutralizing antibodies.®® The phase 1 B-AMAZE study
using FLT180a, a AAVS3 capsid carrying a F9 variant with a
gain-of-function mutation, included 10 patients, who were treated
in 4 cohorts (maximum dose, 1.5 X 10'? vg/kg). High expression
levels of FIX were shown shortly after gene therapy of 24 to 168
IU/dL at 3 weeks, which were stable during follow-up of 1 year.
One of the patients with a high expression of FIX (>200 1U/dL)
developed a thrombotic occlusion of arteriovenous fistula for
which anticoagulant treatment was started.®* It is still unclear if
the obtained FIX levels after gene therapy are sufficient to prevent
bleeding during surgery or trauma. Recently, George et al*> pre-
sented data on 2 surgeries in patients with hemophilia B previ-
ously treated with fidanacogene elaparvovec. Surgery because
of appendicitis and a lumbar discectomy were uneventful without
the need for exogenous FIX concentrate in patients with FIX levels
of 26.3 and 11.8 IU/dL.

Currently, several phase 3 studies are ongoing for hemophilia A
and B. After a lead-in phase of 6 months to record bleeding rates
and factor concentrate use on current (prophylactic) treatment,
these patients underwent gene therapy and are followed for a
period of 1 year and then for an additional 5 years in a separate
study, as recommended by the US Food and Drug Administration
(FDA).3¢ Recently, an updated guide entitled “Human Gene Ther-
apy for Hemophilia; Guidance for Industry” was published by the
FDA and contains recommendations for the development of
human gene therapy products for hemophilia.*” The guidance
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includes recommendations for preclinical studies, the design of
clinical trials, and the related development of coagulation FVIII
and FIX activity assays, as well as on (surrogate) end points,
such as factor levels and bleeding rates. The most advanced
hemophilia A gene therapy program, which was expected to be
approved in 2020, was rejected by the FDA. BioMarin provided
3-year data from the phase 1/2 trial and requested accelerated
approval based on preliminary data in a limited number of
patients of the phase 3 trial. The FDA concluded that, because
of the differences between the phase 1/2 and phase 3 study,
they could not rely on the data of the phase 1/2 to support dura-
bility of effect. The FDA recommended completion of the phase 3
study and submission of 2-year follow-up safety and efficacy data
on all study participants. Gene therapy will drive a significant
development in hemophilia care, and hemophilia centers should
be adequately prepared to ensure that patients have an equal
chance of being offered gene therapy as a therapeutic option.
The recently proposed "“hub-and-spoke” model by the European
Association for Haemophilia and Allied Disorders-European Hae-
mophilia Consortium will help to differentiate between centers
with different experiences and ensure that there is monitoring
and transfer of experience and knowledge.®®

Outcome of gene therapy?

Reduction of bleeding and factor use

As mentioned above, most trials in both hemophilia A and B lead
to meaningful expression of FVIII and FIX and result in a strong
decrease of both the number of bleedings and the need for pro-
phylaxis.”'??? This leads to a tremendous clinical benefit and
changes the lives of patients with severe hemophilia.

Achieved levels of FVIII and FIX

For both patients and doctors, the expectations of the achievable
factor levels have changed over time. Initially, the aim was to
achieve levels of >5 IU/dL to prevent spontaneous joint bleedings.
Based on the findings of the phase 1/2 studies, the current desired
FVIII and FIX levels after gene therapy are >12 IU/dL and ideally
should be above the hemostatic value (>40 1U/dL).* Several
hemophilia experts have advocated that factor levels should be
the main outcome measurement of gene therapy trials.*° It is
important, however, to notice that the reported levels after gene
therapy are strongly dependent on the type of assay used. FVIII
levels obtained with OSAs provide higher levels than the
CSAs.?® A kinetic bias between OSA and CSA readout times has
been suggested, leading to higher OSA levels caused by acceler-
ated early FXa and thrombin formation.*’ In gene therapy for
hemophilia B using the full-size FIX gene with the Padua variant
OSA vyielded ~1.6 times higher results than CSA.*? It is still
debated whether the levels obtained with OSA or CSA correlate
better with the hemostatic potential and bleeding phenotype.
Therefore, it is recommended that both tests should be used to
quantify FVIIl and FIX activity after gene therapy and that the pos-
sibly more accurate lower values measured by the CSA test be
relied on.!

Changes in health-related quality of life and loss
of identity

Recently, core outcomes have been identified such as the fre-
quency of bleeds, factor activity level, duration of expression,
chronic pain, health care resource use, and mental health to

GENE THERAPY FOR HEMOPHILIA

evaluate the comparative value of gene therapy.** The potential
impact of gene therapy on patient reported outcomes (PROs)
and quality of life has not yet been determined. Significant
improvements were reported for Haemophilia Quality of Life Ques-
tionnaire for Adults domains Future, Treatment, View, Sport, Feel-
ing, and Total Score at 1 year after treatment.** Further research
will be important to understand the appropriateness of already val-
idated hemophilia-specific PRO instruments to assess health-
related quality of life after gene therapy, including ensuring that
these validated instruments allow the collection of data to compare
gene therapy with traditional treatments. It could be expected that
these domains would also show improvements in the long term.
However, it is still unclear how the need for frequent visits during
the first 2 years and the possible treatment with immunosuppres-
sive drugs, as well as the unknown question of the durability of fac-
tor expression and long-term safety will influence PRO. In addition,
a sense of loss of identity as a person with hemophilia and member
of the hemophilia community may have an emotionally negative
impact on gene therapy outcomes and counteract the potential
cumulative benefits of gene therapy. Three patients with hemo-
philia B from the AMT-060 study were interviewed about their
experiences with conventional and gene therapy and the effects
of the therapy on everyday life. All 3 participants have become
more active and participate more in sports. However, they
expressed the fear that they did not know how long the effect
would last and felt that psychologic support would be necessary
if the FIX level was to drop again. No patient expressed concemn
about possible negative long-term consequences of gene
therapy.*®

Limitations of gene therapy

Immunologic response, liver function
abnormalities, and liver toxicity

Thus far, limited side effects after intravenous infusion of AAV-
based gene therapy have been reported; however, mild
infusion-related complaints and, in some studies, even more
severe reactions with hypotension and fever were encoun-
tered."®?? Administration of AAV vectors will induce innate
immune response, followed by adaptive immune responses lead-
ing to the development of neutralizing antibodies in all individu-
als, that will be present long term.***” In addition cytotoxic
T-cell responses against the vector capsid may occur in 30% to
60% of patients.*® This immune response may be associated
with liver function abnormalities (alanine transaminase [ALT] eleva-
tions). This risk of developing this response seems to be vector
dose dependent.'” It may also be associated with loss of factor
expression if not treated immediately with corticosteroids.'”:'748
Remarkably, in several studies, liver function abnormalities
occurred without a measurable immunologic cytotoxic T-cell
response in the peripheral blood as determined by enzyme-
linked immunospot assays; however, this assay is not well stan-
dardized and has several limitations. Detailed studies on clinical
immunogenicity of AAV5 gene therapy using various humoral
and cellular immune response assays showed no clear association
between these responses and safety or efficacy measures.*? In
recent studies in patients treated for hemophilia A, liver function
abnormalities persist over a longer time span, and it is still
unknown what the cause of these persistent transaminitis is, but
it may be of different origin than the immune response—related
liver function abnormalities observed mainly early after gene

€ blood® 16 SEPTEMBER 2021 | VOLUME 138, NUMBER 11 927

%202 AeN pg uo 1sanb Aq ypd 0./ /€006 0ZPIGPOOIA/L 228 1/EC6/ L LIBE L/4Pd-BloILE/POO|q AU SuoleDlgndyse//:diy woly papeojumog



therapy. It seems to occur more often after gene therapy in
patients with hemophilia A. It has been suggested that this may,
besides immunologic responses, be caused by cellular stress
because hepatocytes physiologically do not synthesize FVIII; cell
death caused by high amounts of viral capsids has also been con-
sidered.®®>" In the highest dose cohort of the SPK8011 study, 5 of
7 patients required corticosteroid treatment for ALT elevations,
immune response, or FVIII decline.?® In the ALTA study, 4 patients
receiving giroctocogene fitelparvovec had ALT elevations,
responding to corticosteroid treatment, of which 3 had recurrent
ALT elevations.?” Also 2 patients treated with high-dose (2 x 10"
gc/kg) BAY2599023 experienced recurrent ALT elevations, requir-
ing long-term corticosteroids for >6 months.>? Because of these
observations in many currently initiated trials, corticosteroids with
or without additional immunosuppressive drugs are given imme-
diately after vector infusion to prevent liver function abnormalities.
The importance of obtaining more insights into the cause of liver
function abnormalities is emphasized by the recent reports of 3
children with X-linked myotubular myopathy who experienced
severe hepatotoxicity after high-dose (3 X 10™ gc/kg) AAV6
gene therapy. Eventually this resulted in death caused by sepsis
and a bleeding event.>*** The precise mechanism of the hepato-
toxicity in these cases is not yet known.

Failure of gene therapy

Some gene therapy approaches resulted in only temporary
expression of FVIIl and FIX and were considered unsuccesful.®
This was mainly because of immunologic responses and initial
low levels of expression measured in the circulation.>>’ In a
dose-ascending AAV8-based study using the FIX Padua variant,
7 of 8 participants with severe and moderate hemophilia B
achieved transient, dose-dependent measurable FIX activity
(peak FIX, 32-58.5 IU/dL) in the highest dose cohort. However,
FIX activity was maintained in only 1 of 7 patients®> (Table 1).
The cause of the loss of transgene expression in the other 6
patients is not known; however, this might have been caused by
immune responses by CpG oligodeoxynucleotides introduced in
BAX335 by codon optimization. In another study using AAVrh10,
only short-term expression of FIX was observed, with peaks
between 12 and 20 IU/dL and subsequent loss of expression in
5 of 6 individuals. This may be related to AAVrh10 capsid-
induced immune responses, because these patients developed
ALT elevations, and despite treatment with corticosteroids, FIX
expression was not preserved.”’ In studies that are considered
successful, several individual patients did not have expression or
very low expression of factor, which should also be considered a
failure of this therapy. The mechanism behind these failures and
the large variability of expression in general should be further
investigated.?23:26:2

Integration and oncogenesis after AAV

gene therapy?

It is assumed that rAAV remain mainly episomal after hepato-
cyte transduction. However, integration occurs in the host
genome, and the possible implications for oncogenesis have
been widely discussed.*®4° Given the fact that very high AAV
vector loads (>10"°) are being delivered, even a low percent-
age of integration may still be important. In mice, intravenous
injection of genome-containing particles of an AAV vector
resulted in the development of HCC in 33% of the animals,
which was linked to AAV vector integration resulting in clonal
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expansion of transformed cells.®’ Long-term results of gene
transfer studies in dogs revealed integration at a low fre-
quency, mainly in intergenic regions of the dog genome, with-
out development of malignancy.’¢° In another study, which
confirmed stable and sustained FVIII expression for up to 10
years, 2 of 9 dogs experienced a gradual increase in FVIII activ-
ity that was 4 times the steady-state level, and clonal expan-
sions with integration near genes previously associated with
growth control and cancer, however, without any evidence of
tumorigenesis.®>®® In liver biopsies of clinical study partici-
pants, a dose-dependent increase of vector DNA correspond-
ing with FVIII expression levels has been detected.®* None of
the 4 patients treated 12 to 15 years ago with AAV2-based
intravascular gene therapy developed HCC.'® Despite these
reassuring (pre)clinical data in dogs and humans, recently,
HCC developed in a hemophilia B patient 1 year after treat-
ment with etranacogene dezaparvovec gene ‘cherapy.65 Inves-
tigations of tumor biopsies have shown no evidence of clonal
expansion or any dominant integration event. Additionally,
whole genome sequencing confirmed that the HCC had
genetic mutations that are independent of vector integra-
tion.®> This event also shows the importance of collecting
long-term data on safety and efficacy in a global registry for
patients with gene therapy.®®

Limitations in the possibility of

gene therapy

Preexisting neutralizing AAV antibodies

Preexisting neutralizing antibodies against AAV are widely distrib-
uted in the general population.®’ In patients with hemophilia A
from the United Kingdom, 21% and 23% had antibodies to AAV
5 and AAVS, respectively, with a high degree of cross-reactivity.
Seroprevalence increased with age and exposure to plasma prod-
ucts.*® A major problem with regard to the importance of detec-
tion of these antibodies in circulation is the fact that various assays
are in use, and these are not standardized. Preclinical studies dem-
onstrated the capacity of humoral immunity to prevent successful
transduction of AAV into hepatocytes.®”’° Therefore, preexisting
neutralizing antibodies are still an exclusion criteria in studies, and
it is expected that these patients will also be ineligible in the
future. However, in the uniQure AMT-060 studies, 3 patients
were included that, on hindsight, turned out to have AAV5 neu-
tralizing antibodies, using a more sensitive luciferase-based assay.
These 3 patients had expression and benefit of treatment, and FIX
levels were not related to the titer of the neutralizing antibodies.”’
Therefore, in the phase 3 study, individuals with preexistent
AAV5 neutralizing antibodies were also included, and preliminary
data show that neutralizing antibodies titers up to 678 do not
seem to affect FIX expression.®? It has been demonstrated in non-
human primates with preexisting high-titer neutralizing antibodies
against AAVS that immune adsorption is effective to reduce the
titer of neutralizing antibodies before gene therapy, which
resulted in therapeutic levels of FIX expression.”? Preclinical stud-
ies have demonstrated that the immune response induced by
AAV antibodies could be inhibited by an endopeptidase (imlifi-
dase) able to degrade circulating immunoglobulin G, which would
provide the prospect of treatment of a larger patient population.”®
It is important to note that, after treatment with AAV-based
gene therapy, high-titer neutralizing antibodies circulate, which
thus far makes it unlikely that patients can be retreated with
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Table 2. Main findings on clinical benefit and remaining issues in hemophilia gene therapy

Various outcomes and aspects of
gene therapy

Clinical benefit

Findings in favor of gene therapy

Great clinical benefit in most patients:
Reduction of bleeding and cessation of
prophylaxis for patients after a single IV
infusion of AAV-based gene therapy

Remaining issues of gene therapy

Uncertainty about the long-term efficacy

Eligibility of patients
patients

Treatment of both hemophilia A and B

Not available for patients with AAV antibodies,
with liver disease, children, and with severe
comorbidity

Expression levels

majority of patients

Factor levels sufficient to reduce bleeding
and stopping prophylaxis in a large

Variability in expression levels of FVIIl and FIX,
from 0 to >200 IU/dL; reason for variability
with similar gene constructs is yet unknown

Durability

response at least 4 y

Stable expression in FIX based gene therapy
for over 8 y; despite reduction of FVIII
levels over time, duration of clinical

Limited durability of expression in hemophilia A
in the only study with long-term data after 4 y;
some patients lose expression early because
of immune response; unknown why expression
levels of FVIII decrease over time

Antibodies against factor VIII and FIX None reported thus far

Patients with a history of inhibitors have been
excluded from phase 1-3 trials

Toxicity

Limited infusion-related toxicity

Some patients experience infusion-related reactions,
including fever and hypotension; unexplained
liver function abnormalities in around 30% of
patients, not only related to short-term immune
response but also >3 mo after infusion, requiring
corticosteroid treatment; in AAV based trials in
other genetic disorders severe hepatic toxicity
with very high vector doses

Immune response

In a minority of patients, depending upon
vector dose and construct, leading to ALT
elevation, but in most cases well
responding to corticosteroids preventing
decline of factor levels

If not treated appropriately and timely this may
lead to reduction of FVIIl and FIX levels and
even failure of therapy; some gene therapy
programs use prophylactic corticosteroids and
other immunosuppressive therapy to prevent
liver function abnormalities

based gene therapy

Availability Studies are performed in various countries in | Thus far available only in centers with gene
Europe, United States, and Asia therapy study expertise; gene therapy will not
be available for many patients in the world
because of logistic reasons and high costs
Costs May be cost-effective by reducing the need | Expected high costs for one single treatment,
for prophylaxis with expensive long-term although exact costs are yet unknown
factor concentrate
Safety Limited integration of AAV, mainly episomal | Integration does occur in the host genome. Potential
located of developing malignancy and association with
malignancy should be investigated
Redosing May be possible in the future with non-AAV- | Not possible with similar AAV-based technology

because of high and persistent AAV
antibodies after gene therapy

AAV, although imlifidase may overcome this problem by degrad-
ing the anti-AAV immunoglobulin G.”*

Conclusions

Great clinical benefit has been achieved in patients with hemophilia
A and B with intravenously administered AAV-based liver-directed
gene therapy. The expectations to be able to transform patients
with severe hemophilia into patients with mild hemophilia using
gene therapy have been met, and FVIll and FIX levels even in the nor-
mal range have been achieved. In most patients, prophylaxis could

GENE THERAPY FOR HEMOPHILIA

be discontinued, and limited or no bleedings occurred. Unfortu-
nately, several open questions and issues still remain, which are
addressed in Table 2: the variability in expression levels, occurrence
of immunologic responses, and the need for immunosuppressive
therapy because of the occurrence of liver function abnormalities,
of which the nature is yet unresolved. Also, safety issues regarding
integration and potential development of malignancy need further
research. A major issue has emerged given the observed decline
of FVIll expression levels within 3 to 4 years after gene therapy. There-
fore, long-term results of ongoing phase 3 studies are needed before
gene therapy may become widely available.
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