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The changing treatment landscape in haemophilia:
from standard half-life clotting factor concentrates to gene

editing
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Congenital haemophilia A (factor VIII deficiency) and B (factor IX deficiency) are X-linked bleeding disorders.
Replacement therapy has been the cornerstone of the management of haemophilia, aiming to reduce the mortality
and morbidity of chronic crippling arthropathy. Frequent intravenous injections are burdensome and costly
for patients, consequently with poor adherence and restricted access to therapy for many patients worldwide.
Bioengineered clotting factors with enhanced pharmacokinetic profiles can reduce the burden of treatment. However,
replacement therapy is associated with a risk for inhibitor development that adversely affects bleeding prevention and
outcomes. Novel molecules that are subcutaneously delivered provide effective prophylaxis in the presence or absence
of inhibitors, either substituting for the procoagulant function of clotting factors (eg, emicizumab) or targeting
the natural inhibitors of coagulation (ie, antithrombin, tissue factor pathway inhibitor, or activated protein C). The
ultimate goal of haemophilia treatment would be a phenotypical cure achievable with gene therapy, currently under

late phase clinical investigation.

Introduction

Haemophilia A and B are rare congenital X-linked
coagulation disorders caused by factor VIII (FVIII) defi-
ciency in haemophilia A, and factor IX (FIX) deficiency in
haemophilia B." In severe haemophilia (FVIII or FIX <1
international units [IU]/dL) there is spontaneous or post-
traumatic bleeding, or both, primarily into joints and other
tissues, some of which might be life-threatening or organ-
threatening. The main observed morbidity is caused by
repeated haemarthroses, which lead to a degenerative joint
disease (haemophilic arthropathy), resulting in chronic
pain and loss of function.' Prevention of bleeding episodes
with replacement therapy has been the cornerstone of
management for these disorders for the past decades to
reduce mortality and chronic arthropathy.! Replacement
therapy is done with FVIII and FIX concentrates delivered
by intravenous injections, either episodically to treat acute
bleeds, or according to prophylactic regimens to prevent
bleeds.! Long-term prophylaxis started early in life has
been proven to be highly effective in preventing joint
damage* and life-threatening bleeds (ie, intracranial
haemorrhage),* and is the standard of care.’ The frequency
of regular intravenous injections needed to attain and
maintain adequate haemostatic concentrations of FVIII
and FIX might impair adherence to treatment, which
might lead to suboptimal treatment effectiveness.® More-
over, the high cost of treatment restricts access for most
patients worldwide.”

Treatment optimisation has been the main objective
over the last decade, with progress based on the finding of
delayed but not abolished development of joint damage in
large cohorts of patients regularly treated with standard
prophylaxis.® Accordingly, prophylactic regimens have
shifted from standardised, so-called one-size-fits-all strat-
egies to the individualisation of regimens for the best
outcomes both from the clinicians’ and the patients’
perspective.®’

In recent years, with the first of these products licensed
in 2014, new bioengineered FVIII and FIX molecules
with enhanced pharmacokinetic profiles were developed.
Some of these molecules are an improved form of
previously used molecules, and some are products with
an entirely new origin. Fusion and conjugation tech-
nologies (ie, fusion with albumin or the Fc fragment of
immunoglobulins; conjugation with polyethylene glycol)
have resulted in several extended half-life (EHL) FVIII
or FIX products, which have been licensed to treat and
prevent bleeding episodes in patients with congenital
haemophilia A and B.”" The pharmacokinetic improve-
ment has been more substantial for FIX (3 to 5 times
longer half-life) when compared with FVIII (1-5 to
1-8 times longer half-life). This difference is because all
FVIII products require stabilisation in plasma from
binding to von Willebrand factor (VWF), which creates a
ceiling effect by linking the pharmacokinetics of FVIII
products to the clearance of VWEF.* These molecules are
given less frequently, reduce the treatment burden, and
can maintain higher plasma factor concentrations.”

The development of anti-FVIII or anti-FIX neutralising
antibodies, known as inhibitors, in patients who are

Search strategy and selection criteria

Data for this Review were identified by searches of MEDLINE,
Current Contents, PubMed, and references from relevant
articles using the search terms "h(a)emophilia A",
“h(a)emophilia B”, “prophylaxis”, “extended half-life”,
“emicizumab”, “concizumab”, AND “gene therapy”. Abstracts
and reports from scientific meetings related directly to
previously published work were included to give the most
updated information. The dates of the articles ranged from
January, 2010, to October, 2020, and were in English. Clinical
trials and pharmacological studies were included.
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previously untreated is the main complication of
replacement therapy,' even with EHL products;** with
inhibitor incidence in these patients ranging between
25 and 40%. In fact, in the presence of inhibitors,
particularly at high titres, haemostasis cannot be restored
by factor replacement therapy. Thus, the treatment of
acute bleeds requires the use of alternative haemostatic
agents that can bypass the inhibitory effect of the
antibodies." Such bypassing agents (BPA), represented
by recombinant activated FVII and activated pro-
thrombin complex concentrate, have many drawbacks:
their effectiveness is often suboptimal, inconsistent, and
unpredictable; their use is associated with the risk of
thrombosis; their haemostatic activity cannot be easily
monitored; they are costly treatments; and prophylaxis is
challenging and not always effective.”

To close this big therapeutic gap, several new
molecules, all delivered subcutaneously, were developed
and provide effective prophylaxis despite the presence of
inhibitors.”* A humanised bispecific monoclonal anti-
body (emicizumab) improves haemostatic function by
mimicking the co-factorial function of activated FVIIL.”
Other novel therapeutics can rebalance haemostasis
by targeting the natural inhibitors of the coagulation
cascade: antithrombin, tissue factor pathway inhibitor
(TFPI), and activated protein C.>?%

Finally, in this rapidly evolving treatment landscape,
a functional cure can be found by gene therapy, with
which a protective endogenous steady state production of
EVIII and FIX can be established. The safety and efficacy
of these approaches are under investigation in several
clinical trials, which are still ongoing.**

Therapeutic goals in haemophilia: the role of
long-term prophylaxis

Over the last decades, the goal of the management of
patients with haemophilia has evolved from supportive
care, to reducing the risk of spontaneous bleeds, to the
elimination of all clinically evident bleeds, including
those related to physical activity. These goals can be
achieved with prophylactic replacement therapy with
FVIII and FIX concentrates. The primary aim of regular
long-term prophylaxis is to abolish recurrent joint
bleeds and prevent chronic arthropathy. Early insight
into prophylaxis came from the observation that
patients with moderate and mild haemophilia seldom
experience joint bleeds,”* and that the risk of joint
bleeds in patients with haemophilia A receiving regular
EVIII replacement increases with increased time spent
with low residual plasma concentrations of FVIIIL*
with higher residual plasma concentrations required to
prevent traumatic bleeding events.

Prophylaxis with standard half-life (SHL) products

Over the last three decades, a variety of prophylactic
regimens have included SHL recombinant and plasma-
derived products, and multiple studies have shown that

any prophylactic regimen (even at low doses [10 1U/kg
two times per week]) is superior to episodic treatment.”*'

The efficacy of prophylaxis has been established by
evaluating bleeding, joint health outcomes, and health-
related quality of life, irrespective of trough concen-
trations of FVIII or FIX,"* or by targeting definite trough
concentrations through pharmacokinetic-guided regi-
mens.” Indeed, trough concentrations of 1-3 IU/dL have
been considered the benchmark to ensure adequate
bleed protection, with the time spent with less than
1 IU/dL inversely related to the risk of joint bleeds.”
However, long-term follow up data from large cohorts
of patients treated over decades on regular prophylaxis
showed that those concentrations were not sufficiently
protective for all patients and that the progression of
joint damage was only delayed in time but not completely
abolished,® suggesting the need for attaining and main-
taining substantially higher trough concentrations.

Maintaining higher concentrations is challenging with
SHL products, because of the short halflife of native
FVIII (8-12 h) and FIX (18-24 h). For this reason,
prophylaxis with these products is usually accomplished
with three to four injections per week for haemophilia A
and two to three injections per week for haemophilia B.'
However, some new generation SHL recombinant
FVIII products have been shown to provide effective
prophylaxis with two or less injections per week in
approximately 30% of patients.”* This effectiveness
has been attributed to refinements conferred to these
new molecules through manufacturing, including the
optimisation of relevant post-translational modifications
that can affect the stability of the mature FVIII protein.
The main characteristics of these molecules are reported
in table 1. The various manufacturing processes that
contribute to the optimisation of the mature FVIII
protein include: the co-expression of a chaperone
protein, heat-shock protein 70, that ensures a better
viability of the mammalian cell lines made use of for
recombinant protein expression;” the engineering of
a covalent link between the FVIII heavy and light
chains that preserves the FVIII molecule from premature
degradation and confers a higher binding affinity for
VWE;* the use of human cell line cultures that provide
the mature protein with post-translational modifications
and glycosylation structures that are more similar to
those of human plasma FVIII, which might modulate
clearance and degradation.”

Prophylaxis with EHL products

EHL products are defined as those bioengineered
molecules that can have a prolonged plasma half-life
at least 1-3 times that of SHL products.” The advent of
EHL products has provided another step forward for
prophylaxis optimisation, with better protection and
fewer intravenous injections.” Indeed, the modified
pharmacokinetic properties of either fusion-glycolylated
or polyethylene-glycolylated FVIII and FIX molecules
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Molecular characteristics

Reference

Brand name
(manufacturer)
BAY 81-8973  Kovaltry (Bayer Healthcare)
(BHK)

Full-length rFVIIl with a high degree of N-terminal glycan sialylation; co-expressed
in cell culture with human heat-shock protein 70, which enhances the viability of
cell lines by inhibiting apoptosis and increases proper folding of the mature protein

Saxena et al (2016)*

Single chain rFVIIl with heavy and light chain covalently fused into a single
polypeptide that has an increased binding affinity for von Willebrand factor

B-domain deleted rFVIIl fully sulphated and with oligosaccharide and sialic acid

B-domain truncated rFVIIl fully glycosylated at N-linked glycosylation sites and fully ~ Lentz et al (2018)**
sulphated at Tyr1680, resulting in strong binding affinity for von Willebrand factor

Lonoctocoga  Afstyla (CSL Behring)

(CHO)

Simoctocoga  Nuwiq (Octapharma)

(HEK) content similar to plasma-derived FVIII
Turoctocoga NovoEight (Novo Nordisk)

(CHO)

BHK=Baby Hamster Kidney. CHO=Chinese Hamster Ovary. FVIlI=factor VIIl. HEK=Human Embryonic Kidney. rFVIll=recombinant FVIII.

Mahlangu et al (2016)*

Lissitchkov et al (2017)*

Table 1: Approved standard half-life rFVIIl molecules (and cell lines) that have been effectively used twice a week for regular prophylaxis

has translated to increased trough concentrations and
fewer yearly injections for most patients when com-
pared with previous prophylactic regimens with SHL
products.”™”

The main characteristics of these modified molecules
and investigated prophylactic regimens in adult and
adolescent (12-65 years old) patients are summarised in
table 2. As evident from pharmacokinetic variables, there
has been a marked improvement for FIX products with
a 3-times to 5-times prolongation of terminal half-life,
and hence, the chance to maintain trough concentrations
at more than 5%, with infusions every 7, 10, or 14 days.""*

The pharmacokinetic improvement for FVIII
molecules has been more modest, with a 1-4-times
to 1-8-times prolongation of the terminal halflife.
Accordingly, on average, patients with haemophilia A
on EHL for FVIII are treated every 3-5 days,"**"
although selected subgroups of patients could also
benefit from a once-per-week dosing regimen.”” The
availability of EHL products has also offered the chance
of more flexible treatment regimens, adjustable to the
clinical and social needs of patients. These characteristics
also contribute to easier treatment individualisation to
improve adherence, which has a relevant effect on
treatment outcome.®

Moving from replacement to non-replacement
therapy: a new framework for prophylaxis
Despite the great advantages of prophylaxis over episodic
treatment, the restrictions of the route of administration
and potential development of neutralising anti-FVIII and
anti-FIX antibodies represent the main challenges with
replacement therapy. Therefore, the rationale behind the
design of new non-replacement therapies is to overcome
the difficulties of intravenous delivery and to improve the
effectiveness of therapies in all patients, regardless of
the presence or absence of inhibitors.

The delivery of therapy through regular intravenous
injections is a substantial burden for patients and
caregivers. To administer intravenous injections fre-
quently, central venous devices are often required, with
associated risks from the surgical procedures and

35-50 1U/kg once perweek  0-0 (IQR 0-0-1-87) 52-6%§ 20-0%

75 IU/kg once every 10days ~ 0-0 (IQR 0-0-1.78) 52-6%§ NR
75I1U/kgonce every 14 days 108 (IQR0-0-2-7)  52:6%§ 12:4%
Recombinant factor VIlI-Fc (Elocta/Eloctate); Fc fusion

65 1U/kg once per week 3:6 (IQR1.9-8-4) 17-4% 1.0-3-0%*
25-65 1U/kg once every 1.6 (IQR0-0-4-7) 45-0% 1.0-3-0%*
3-5 daysq

Bax855 (Adynovi/Adynovate); random PEGylation

45 1U/kg twice per week 1.9 (IQR 0-0-5-8) 39-6% NR

N8-GP (Esperoct); glycoPEGylation

501U/kgonce every 4days  1-33 (IQR0-0-4-61)  40-0% 3-0%
BAY 94-9027 (Jivi); site-specific PEGylation

30-40 IU/kg twice per 4-1(IQR 2:0-10-6) 15-4% NR

week]|

45-60 1U/kg once every 1.9 (IQR 0:0-5-2) 44-2% NR

5days

60 1U/kg once per week 3.9 (0:0-6-5) 372% NR

Median Annual Proportion Mean Reference

Bleeding Rate of patients  trough

(95% Cl or IQR) without percent at

bleeds steady state

Recombinant factor IX-Fc (Alprolix); Fc fusion
50 1U/kg once per week* 3:0(95% C11:0-4-4) 23-0% 1.0-3:0%t Powell etal (2013)"
100 IU/kg once every 1.4 (IQR0-0-3-4) 42:3% 1.0-3:0%t Powell etal (2013)"
10 dayst
N9-GP (Refixia/Rebinyn); glycoPEGylation
40 1U/kg once per week 1.04 (IQR0-0-4-0)  45:0% 27:3% Collins et al (2014)"

Recombinant fusion protein linking coagulation factor IX with albumin (Idelvion); albumin fusion

Santagostino etal (2016)
Santagostino etal (2016)*
Santagostino et al (2016)*

Mahlangu et al (2014)*
Mahlangu et al (2014)*

Konkle et al (2015)*

Giangrande et al (2017)*

Reding et al (2017)”
Reding et al (2017)”

Reding et al (2017)”

NR=not reported. *Median pharmacokinetic-guided dose used during the study (45 IU/kg one time per week).

tPer protocol design. $Median pharmacokinetic-guided interval used during the study (once every 12.5 days). SAcross
all treatment groups. §IMedian dose interval was 3-5 days and median once per week dose was 77 1U/kg. ||Patients not
eligible for randomisation between the less frequent dose groups because of a more severe bleeding phenotype.

Table 2: Different licensed extended half-life factor VIl and IX molecules, technologies, and doses for the
treatment and prevention of bleeding episodes in patients with haemophilia A and B

possible complications, such as infection or thrombosis.”

This risk is particularly high in infants but can be an
issue across all ages. The transition to a subcutaneous
route of administration would have a substantial effect
on treatment feasibility and adherence, thus greatly
reducing the chance of breakthrough bleeds related to
missed infusions.
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Number of Studied regimens
patients

Median Annual Reference
Bleeding Rate

(95%Cl)

Emicizumab (bispecific monoclonal antibody able to bind factor IXa and factor X)

Haemophilia A with
inhibitors (=12 years old)
Haemophilia A with
inhibitors (<12 years old)
Haemophilia A with
inhibitors (<12 years old)
Haemophilia A with
inhibitors (<12 years old)
Haemophilia A without
inhibitors (=12 years old)
Haemophilia A without
inhibitors (=12 years old)

Haemophilia A with and
without inhibitors
(212 years old)

Haemophilia A without
inhibitors (<12 years old)

Haemophilia A without
inhibitors (<12 years old)

Fitusiran (small interfering RNA able to inhibit the synthesis of antithrombin)
Haemophilia A and B with

and without inhibitors

Concizumab (monoclonal anti-TFPI antibody able to prevent the binding of TFPI to the factor VII-

tissue factor complex)

Haemophilia A and B with

inhibitors

Haemophilia A without
inhibitors

TFPI=tissue factor pathway inhibitor. *After a loading phase with 3-0 mg/kg once per week for 4 weeks. fWith a
stepwise increase to 0-20 and 0-25 mg/kg if three or more spontaneous bleeds occurred over 12 weeks.

109 1.5 mg/kg once 2.9 (1.7-5-0) Oldenburg et al (2017)*
per week*
65 1.5 mg/kg once 0-3(0-17-0-50) ~ Young et al (2019)*
per week*
10 3-0 mg/kg once 0-2(0-03-172) Young etal (2019)
every other week*
10 6-0 mg/kg once 2:2(0-69-6-81) Youngetal (2019)%
every 4 weeks*
84 1.5 mg/kg once 1.5(0:9-2.5) Mahlangu et al (2018)~
per week*
35 3-0 mg/kg once 13(0-8-2-3) Mahlangu et al (2018)~
every other week*
41 6-0 mg/kg once 2:4(1-4-4-3) Pipe etal (2019)*®
every 4 weeks*
6 3-0 mg/kg once 1-3(0-6-2-9) Shima et al (2019)*
every other week*
7 6-0 mg/kg once 0-7 (0-2-2:6) Shima et al (2019)®
every 4 weeks*

34 80 mg once Pasi et al (2019)”

every 4 weeks

1.5 (not
available)

17 0-15mg/kgonce 4.5 (3-2-6-4) Shapiro et al (2019)*
per dayt

36 0-15mg/kgonce  7-0 (4:6-10-7)  Shapiro et al (2019)*
per dayt

Table 3: Annual Bleeding Rates observed during prophylaxis with different regimes of non-replacement
therapies in different patient populations in licensure clinical trials

Prophylaxis in patients with inhibitors, especially in
those with high titre antibodies, is challenging, with a
reliance on BPA. Some prophylaxis regimens have been
described but with widely varied efficacy rates.®* For this
reason, arthropathy prevention has been challenging in
this patient population, with higher rates of overt joint
damage observed earlier than their non-inhibitor peers®
and poorer quality of life measures for both patients
and caregivers.” New non-replacement agents do not
contain FVIII or FIX proteins, hence they are not
neutralised by pre-existing inhibitory anti-FVIII and anti-
FIX antibodies, nor do they elicit a specific immune
response against FVIII or FIX.

In addition to a subcutaneous method of delivery and
similar effectiveness in patients both with and without
inhibitors, a key feature of these new non-replacement
therapies is a substantially longer duration of action that
leads to a more stable steady state haemostatic effect,
with treatment schedules that range between once per
day to once per month injections with a low volume of
drug.zz—zs

There has been more extensive research, more follow-
up, and post-marketing experience for emicizumab, the
first non-replacement therapy licensed for prophylaxis
in patients with haemophilia A with and without inhib-
itors, that is absent for other drugs under investigation.
This therapy is a humanised bispecific monoclonal
antibody that binds and bridges activated FIX and
factor X (FX), mimicking the function of activated
FVIIL? This drug can be administered once every 7, 14,
or 28 days, with similar effectiveness across different
ages and bodyweights.?5®

Fewer data are available for the haemostatic rebalancing
agents that are still under investigation, including
fitusiran, a small interference RNA able to inhibit the
synthesis of antithrombin,?” or monoclonal antibodies
that target TFPL** the primary regulator of the tissue
factor-factor VIla complex.

Table 3 summarises the median Annual Bleeding Rates
observed in different patient groups within clinical trials
on new non-replacement therapies. With respect to anti-
TFPI monoclonal antibodies, no data have been reported
so far on the development programme of marstacimab
(PF-06741086), which is currently recruiting patients
for phase 2 (NCT03363321) and phase 3 (NCT03938792)
clinical trials.

Non-replacement therapies: current limitations

The results of phase 3 trials with new non-replacement
therapies showed good efficacy rates in bleed prevention
in patients with and without inhibitors.”?*¢™ Never-
theless, there are some crucial aspects to take into
account when the use of these drugs is considered.

The first aspect is breakthrough bleeding and peri-
operative management. Pharmacokinetic and phar-
macodynamic studies done in patients treated with
emicizumab, fitusiran, and anti-TFPI antibodies show
that the extent of haemostatic correction provided by
these molecules at the doses used for prophylaxis is, on
average, similar to that of patients with mild haemophilia
(as measured by thrombin generation assays).”7
Breakthrough bleeding events still occur, particularly
with traumatic injuries, and the amount of protection
from these drugs might not be adequate for some
surgical interventions. Thus, such events require the use
of additional haemostatic agents, as either FVIII and
FIX concentrates or BPA, according to the patients’
inhibitor status.””

The second aspect to consider is the risk of thrombotic
complications. The need for intermittent treatment
with additional procoagulants for breakthrough bleeds
or surgery has been associated with a higher risk
for thrombotic complications. Thromboembolic events
and thrombotic microangiopathy were observed in the
HAVEN 1 study in five patients treated with emicizumab
who concomitantly received repeated infusions of
activated prothrombin complex concentrate at more than
100 1U/kg per day for more than 1 day.* Subsequent to
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these events, risk mitigation has included recom-
mendations to use recombinant activated FVII instead
of activated prothrombin complex concentrate during
emicizumab prophylaxis if possible; and, if this con-
centrate is still required for effective haemostasis, to
reduce daily dosing to less than 100 IU/kg per day when
repeated doses are needed. Thrombotic complications
have also been observed for the haemostatic rebalancing
agents. A fatal case of cerebral thrombosis occurred in a
young adult with severe haemophilia A without inhib-
itors who was on prophylaxis with fitusiran during the
phase 2 trial and was given FVIII replacement at standard
doses for a post-traumatic breakthrough bleed.” Since
this event occurred, a risk mitigation plan was put in
place with revised bleed management guidelines that
recommend reduced doses of both FVIII and FIX
replacement therapies and BPA.”* The phase 2 trial with
BAY1093884, a human anti-TFPI monoclonal antibody,
has been prematurely terminated because of thrombotic
adverse events that occurred with different drug doses
and in the absence of a concomitant haemostatic
treatment for breakthrough bleeds,” suggesting that
there are relevant unknown factors concerning the
mechanism of action and pharmacodynamic effect of
such drugs. Moreover, phase 3 clinical trials with
concizumab, another humanised anti-TFPI monoclonal
antibody, have been put on hold because of the occurrence
of non-fatal thrombotic adverse events in three patients.®

The third aspect is laboratory monitoring. One of the
main advantages of replacement therapy is the avail-
ability of laboratory monitoring to guide the haemostatic
coverage provided to patients in different clinical settings.
The measurement of FVIII and FIX clotting activity in
plasma is well-established in routine haemophilia care,
and has mostly become standardised.® For non-replace-
ment therapies, no specific routine laboratory monitoring
is available; also, this method is not strictly recommended,
because these drugs are administered according to a
standard dosing regimen applied to all patients with
either a fixed dose (ie, fitusiran) or with a fixed weight-
based dosing schedule (ie, emicizumab or anti-TFPI
antibodies). However, laboratory monitoring could be
warranted in the event of reduced effectiveness or for
guiding perioperative management: in these settings,
specific assays should be made use of, owing to the
potential interferences of these molecules on routine
laboratory tests.®®

Finally, arthropathy prevention should be taken into
account. From available data, new non-replacement
therapies have produced a high degree of efficacy based
on Annualised Bleeding Rates that would suggest a
positive effect on preserving long-term joint outcomes.
However, a longer follow-up is needed to show this
result. Moreover, there are unanswered but crucial
questions pertaining to whether there might be bio-
logical roles for FVIII or FIX beyond their procoagu-
lant function that might not be provided by new

non-replacement therapies that could affect long-term
bone and joint health.***

Future innovations for haemophilia prophylaxis
The current therapeutic armamentarium has provided
a wide range of options suitable for different patient
profiles, thus favouring treatment tailoring to meet
specific clinical and personal needs.

More innovations are under investigation for haemo-
philia care, with the specific aim of providing a high
degree of protection against bleeding with low burden
treatment regimens that should continue to improve
outcomes and quality of life.

Novel replacement therapies

BIVV001is a novel EHL-FVIII fusion protein that consists
of the recombinant FVIII Fc fusion protein molecule
coupled with the FVIII binding D’D3 domain of VWF, as
well as two XTEN® linkers, unstructured polypeptides that
reduce clearance and degradation. This molecule was
designed with the specific aim of overcoming the VWF-
imposed half-life extension restrictions for FVIIIL. The
safety, tolerability, and pharmacokinetic ability of BIVV001
have been evaluated in a first-in-human phase 1 and 2
clinical trial that showed an extended half-life of 37-6 h
compared with the 12-h half-life of standard FVIII, and an
average FVIII post-infusion activity of 5% at day 7% A
phase 3 trial to evaluate the safety and efficacy of BIVV001
in previously treated adults and adolescents with severe
haemophilia A is ongoing (NCT04161495).

SubQ-8 is a novel strategy for subcutaneous delivery
of the human cell line-derived recombinant FVIII
(simoctocog alfa, Nuwiq) co-administered with a recom-
binant human VWF fragment dimer that contains the
D’'D3 domain of VWF and some additional VWF
sequences that enhance bioavailability. The safety and
efficacy of this molecule as regular prophylaxis in
patients with severe haemophilia A is under investigation
in a phase 1 and 2 study (NCT04046848). No results have
been published yet.

Dalcinonacog alfa is a novel recombinant FIX with
22-times greater potency than native human FIX under
investigation for subcutaneous delivery in a phase 2b
study.” This molecule has been bioengineered with
targeted amino acid substitutions to provide resistance
to antithrombin inhibition, a higher affinity to FVIIIa,
and increased catalytic activity. Interim data have
reported an extended half-life ranging between 84 and
112 h, with post-injection FIX concentrations between
16 and 27% after 28 daily injections.”

Novel bypassing therapy

Marzeptacog alfa is a recombinant activated human
factor VII variant with four site-specific amino acid
changes: two within the catalytic domain to enhance
procoagulant activity and two to increase the terminal
halflife compared with that of wild-type recombinant
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activated FVIIL. The safety, tolerability, pharmacokinetic
and pharmacodynamic profile, and immunogenicity of
this molecule have been investigated in a first-in-human
study,® of which the positive results prompted further
evaluation within a phase 1 study investigating the
subcutaneous delivery of this drug as a prophylactic BPA
in patients with haemophilia A or B with and without
inhibitors (NCT04072237).

SerpinPC is a bioengineered serine protease inhibitor
that rapidly inhibits activated protein C and has been
shown to be effective in increasing thrombin generation
in vitro and in mice with haemophilia.” This molecule is
under investigation within a phase 1 and 2 trial, starting
with healthy volunteers (NCT04073498) with a plan to
eventually study it in patients with haemophilia A or B
with and without inhibitors. This drug will be evaluated
for safety and efficacy by intravenous and subcutaneous
delivery, and has the potential for both the treatment and
prevention of bleeding.

Gene therapy: endogenous prophylaxis or cure?
Both haemophilia A and B are ideal candidates for gene
therapy because they are monogenic diseases that might be
treated effectively by delivering a substitute copy of the
EVIII (F8) and FIX (F9) genes. In fact, a successful gene
therapy approach would result in a sustained endogenous
production of FVIII and FIX proteins at concentrations
that could provide effective prophylaxis without the need
for exogenous factor replacement therapy. Ideally, sustained
concentrations in the normal range in the long term would
be a functional or phenotypic cure of the disease. Although
simple in theory, for these results, advanced technologies
are required to ensure the sufficient safety and efficacy to
supplant highly efficacious treatment strategies.

The predominant strategy for gene transfer in patients
with haemophilia is the liver-directed delivery of F8 or F9
with the use of recombinant non-integrating adeno-
associated viral (AAV) vectors. These vectors can transfer
therapeutic genes into post-mitotic tissues, such as the
liver, through cellular targeting (tropism) driven by their
protein coats (capsids). The different varieties of AAV
capsid (serotypes) establishes the efficiency and spe-
cificity of the cellular targeting to hepatocytes. The
therapeutic transgenes are predominantly in circularised
episomal DNA within the transduced hepatocytes. Such
non-integrating vectors are considered to reduce the risk
of genotoxicity compared with that of vectors that are
dependent on integrating into the genome (ie, lentiviral
or retroviral vectors).

In AAV vectors, the viral genomic elements that
facilitate viral replication are replaced with the therapeutic
transgene, typically with a tissue (liver)-specific promoter
or enhancer, or both, so that it will drive efficient
expression within the target cell. Several AAV serotypes
have been used for liver-directed gene therapy trials for
haemophilia so far.”* Table 4 shows the ongoing gene
therapy clinical trials in haemophilia A and B.

The first successful gene therapy was reported for
patients with haemophilia B in 2011.*** F9 is much
smaller in size than F8 and it is easier to package into
the viral vectors used for this approach. However, this
restriction has been overcome for haemophilia A by
using F8 transgenes that have been optimised for
packaging through the deletion of genetic sequences
that are not relevant for the clotting function of the
mature protein (ie, the B domain).***

Data from multiple small phase 1 and 2 trials in hae-
mophilia A and B, with a follow-up of up to 8-10 years,
show that the vast majority of patients treated so far have
measurable FVIII and FIX concentrations in plasma
sufficient to be able to withdraw regular prophylaxis,
at the same time as maintaining a good control of
bleeding.” These initial studies have been assessed to
show sufficient safety and efficacy to move forward with
larger phase 3 pivotal trials in both haemophilia A and B
with various AAV serotypes.

Gene therapy: current limitations and unknowns
Despite these positive results from gene therapy clinical
trials to date, some limitations and potential safety
concerns are likely to prevent the widespread use of such
an approach.

Pre-existing antibodies against AAV vectors

Since AAV are common non-pathogenic viruses that
infect humans beginning in childhood, pre-existing
antibodies are frequently present in the general population
and these antibodies can show the ability to neutralise the
transduction efficiency of AAV vectors. Seroprevalence
studies done in haemophilia cohorts have shown sero-
positivity rates up to 50%, with a co-prevalence of pre-
existing immunity towards different AAV serotypes (ie,
AAV2, AAVS5, and AAV8) of approximately 40%.¥* Up to
now, the presence of such antibodies is an exclusion
criterion in many clinical trials, with few exceptions.
Moreover, still there is no standardised universal assay to
detect those antibodies and measure their titres across
different investigational programmes, thus adding further
uncertainties about comparisons of these programmes.

Liver toxicity

From the first trials of liver-directed AAV gene
therapy, numerous patients showed an increase in
aminotransferase concentrations that were associated
with a subsequent decline in FVIII and FIX expression.
Early evidence suggested that this decrease could be
triggered by an immune response to the viral capsid
with resultant cytotoxicity. This clinical feature repre-
sents the most common toxicity associated with liver-
directed gene therapy, not typically associated with any
effect on liver function; however, it potentially affects the
clinical outcome for patients. In many, but not all,
patients, the early introduction of a course of immuno-
suppression with corticosteroids can lead to resolution
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Transgene Haemophilia type FVIIl and FIX Follow-up Trial status*  Sponsor Reference
(number of patients) concentrations
scAAV2/8 co-FIX-WT Haemophilia B (20t) 13-8:0% Up to 8 years Active, not  StJude Children’s  Nathwani et al
recruiting Research Hospital  (2011),** (2014),*
and University (2018)*
College London
scAAV8 FIX Padua Haemophilia B (16) 0-5-25-0% Up to 2 years Active, not  Baxaltaand Shire Monahan etal
recruiting (2015)%
AAV-SPK100 FIX Padua Haemophilia B (15) 22:9+9-9% Up to 1year Recruiting Spark George et al (2017),%
(SPK9001) Therapeuticsand ~ (2019)*
Pfizer
rAAVS5 co-FIX-wild Haemophilia B (10) 51-7-5% Up to 4 years Active, not  uniQure Miesbach et al
(AMT-060) type recruiting (2018),* (2019)*
rAAVS FIX Padua Haemophilia B (3) 30-0-54-0% Up to 1year Recruiting uniQure Pipe et al (2019)”
(AMT-061)
rAAVS3 FIX Padua Haemophilia B (2) 45-0+5-0% Upto20weeks  Recruiting Freeline Chowdary etal
Therapeutics (2018)#
rAAV6 (zinc FIX-wild type HaemophiliaB (NR) ~ NR NR Active, not  Sangamo Not published yet
finger-mediated recruiting Therapeutics
integration)
rAAVS co-BDD-FVIII Haemophilia A (15) 13-0-20-0% Upto3years Active, not  BioMarin Rangarajan et al
recruiting Pharmaceutical (2017),* Pasi et al
(2020)*
rAAV8 BDD-FVIII-V3  HaemophiliaA (3) 6-0-76-0% Upto 47 weeks  Recruiting St Jude Children’s  Nathwani et al
Research Hospital (2018)*
and University
College London
AAV-LKO3 BDD-FVIII Haemophilia A (12) 13-0-30-0% Up to 66 weeks Recruiting Spark High etal (2018)*
Therapeutics
rAAV6 BDD-FVIII Haemophilia A (11) 7-0-169-0% Upto28weeks  Recruiting Sangamo Konkle et al (2019)*
Therapeutics
rAAVhu37 BDD-FVIII Haemophilia A (2) 5-0-17-0% Up to 24 weeks Recruiting Bayer Pipe et al (2019)*
rAAV8 BDD-FVIII HaemophiliaA (NR)  NR NR Recruiting Shireand Takeda  Not published yet
BDD=B-domain deleted. FVIli=factor VIII. FIX=factor IX. NR=not reported. *Trial status at the time of this publication. +10 plus 10 in two different trials.
Table 4: Liver-directed gene therapy clinical trials with the use of different vectors for patients with haemophiliaA and B

of the aminotransferase elevation and protection from
the loss of FVIII and FIX expression; however, the
pathophysiological mechanism underlying this effect is
still unclear and might not be the same in all patients.
Different hypotheses have been posited to explain the
aminotransferase increase: some experimental results
suggest that the liver toxicity is the result of an immune-
mediated destruction of transduced hepatocytes,” others
suggest that the immune system is triggered by cryptic
epitopes of the therapeutic protein,” and some have
theorised that the viral transduction of hepatocytes
might cause a protein overload of the endoplasmic
reticulum that leads to cellular stress.” Clinical data
show that this toxicity might be influenced by higher
vector doses, required to ensure a high concentration
of expression of the therapeutic protein, creating an
interdependence between safety and effectiveness. For
this reason, multiple strategies have been adopted to
optimise the cellular transduction through alternative
bioengineered AAV vectors and transgene modifications
to enable the use of lower vector doses. Transgene
modifications have included codon optimisation, more
potent promoter and enhancer elements, and the use of

gene variants with improved properties, such as more
efficient secretion or enhanced functional activity. The
most notable modification is the use of the FIX Padua
variant, which contains a single missense mutation that
yields an FIX protein with 6-8-times higher procoagulant
activity.34,37,40,41,4}

Risk for genotoxicity

By definition, the risk of insertional mutagenesis
following AAV gene therapy is low, because the transgene
is in the nucleus predominantly in an episomal form.
However, studies have shown that chromosomal inte-
gration of the AAV vector genome, although rare, can
occur in the liver.” This risk will be the focus of long-
term follow up studies.

Durability of expression

Results from some haemophilia B trials have now shown
the stable expression of FIX for up to 10 years. However,
the first trials in haemophilia A with a follow-up of longer
than 1 year have shown a decline in FVIII concentrations
over time.* Longer follow-ups will be required to show if
FVIII concentrations will stabilise at a lower steady state
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Strengths

Weaknesses

Standard half-life clotting
factor concentrates

Extended half-life clotting
factor concentrates

Non-replacement therapies

Effective for both bleeding control and prevention;

well established safety and effectiveness profile for decades;
measurable FVIIl and FIX concentrations as surrogate marker of
effectiveness; can result in normal concentrations of FVIIl and FIX

Effective for both bleeding control and prevention; a reduced
number of injections; higher trough concentrations; measurable

FVIIl and FIX concentrations as surrogate markers of effectiveness;

can result in normal concentrations of FVIIl and FIX

Subcutaneous route; infrequent injections; standard doses for all

Frequent intravenous injections; inhibitor development

Intravenous route; inhibitor development

Need for adjunctive haemostatic treatment; steady state

(emicizumab, fitusiran,
anti-tissue factor pathway
inhibitor antibodies, SerpinPC)

patients

Gene therapy
FIX production

FVili=factor VIII. FIX=factor IX.

Single intravenous injection; restoration of endogenous FVIIl and

of coagulation activity not within the normal range;
thrombotic risk

Pre-existing immunity against adeno-associated viral
vectors; immune response against vectors and transfected
cells; unknown durability of transduction; need for
immunosuppressive therapy; unknown long-term safety

Table 5: Strengths and weaknesses of the old and new therapeutic options for haemophilia

or if the decline will be progressive with the complete
loss of expression.

Eligibility

Eligibility and exclusion criteria have restricted the patients
who have been able to participate in gene therapy trials to
date. Because of the liver-targeted approach, patients with
active viral hepatitis, and those with other hepatic diseases
or on hepatotoxic drugs (eg, some antiretroviral therapies
for HIV), or both, are excluded from these trials. Children,
who would represent the ideal candidates for gene therapy,
are still excluded because of many practical restrictions
and safety concerns. Notably, the episomal state of the
transgene after transduction is not suitable to ensure
stable transgene expression in a growing liver because of
the dilution effect from cellular division. Furthermore,
patients with inhibitors are now excluded from this
therapeutic approach, even though an upcoming study will
evaluate the potential for gene therapy (with tolerising
effect) in this patient population (NCT03734588).

Affordability

It is reasonable to forecast a high cost for a gene therapy
when it will become available. Such a therapy has the
potential to produce huge savings for direct and indirect
costs related to haemophilia care; however, the cost is
still likely to restrict access to patients in many countries
worldwide.

Future innovations for gene therapy

Beyond the gene addition strategies currently under
investigation, there are other technologies that could be
used to correct the gene defect of the host genome.
One of these techniques, gene editing, relies on the use
of clustered regularly interspaced short palindromic
repeats (CRISPR) CRISPR-associated protein (Cas) 9.
Those molecular scissors induce double-stranded breaks

at the target genome site, thus favouring the insertion of
template DNA with the wild-type gene.*

Concluding remarks

Haemophilia treatment has seen a rapid revolution in
the last several decades. Table 5 summarises the main
strengths and weaknesses of the aforementioned
therapeutic options.

The availability of safer plasma-derived products and
recombinant SHL concentrates favoured the adoption of
prophylaxis, thus improving joint outcomes and quality
of life. However, these advances came with several draw-
backs, including difficult venous access, poor adherence,
and scarce affordability on a global scale. The advent
of EHL products have further improved prophylaxis
effectiveness and feasibility, allowing the acceptance of
prophylaxis as standard of care widely, and through the
implementation of humanitarian programmes aiming
at providing such therapies to low-income countries.
Nevertheless, the intravenous route of administration,
the risk of inhibitor development, and the need for
treatment individualisation (to meet specific clinical and
non-clinical needs) still represent a burden for both
patients and clinicians. In light of these challenges, new
non-replacement therapies display many advantages,
including the subcutaneous route of administration, a
similar effectiveness across a wide age range, the pos-
sibility to implement prophylaxis from young ages (from
birth), and the availability of fixed-dose regimens for all,
including patients with inhibitors. However, there are
patients for whom the lifestyle or clinical conditions, or
both, might benefit most from near-normal or normal
FVIII and FIX concentrations, which cannot yet be
reached with non-replacement therapies; indeed, the
short follow up data accumulated until now are not
informative enough with respect to long-term bleed
control and joint outcomes, and few data are available on
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the safety and efficacy of these therapies in newborn
babies and infants younger than 1 year of age.

Looking forward, the scientific concept behind gene
therapy embeds the promise of a functional haemophilia
cure and, with a single intravenous infusion, offers the
chance to have the stable expression of FVIII and FIX
concentrations high enough not to require regular
prophylaxis: a real game-changer, particularly effectual if it
can be applied in the developing world. However, several
issues around long-term safety and effectiveness are
unsolved, and the current platform for delivery restricts
the application of this approach to highly committed adult
patients with haemophilia but without inhibitors and
without relevant comorbidities or pre-existing immunity
to AAV, or both. For this reason, there is continued interest
in the development of novel replacement and non-
replacement therapies, including novel BPA.

Finally, innovation can be revolutionary on the costs
and availability of products. These factors can have an
effect on product market shares and national tenders: the
multiplicity of old and new therapies should imply
competitive lower costs, which might have a relevant
effect on the global availability of products to bring
prophylaxis to an increasingly greater proportion of
patients worldwide.
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