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Abstract: Hemophilia A is the most common severe inherited bleeding disorder in males.
Initial treatment strategies focused on the use of factor concentrates to prevent joint bleeding
and the development of long-term crippling arthropathy. The current standard of care has
evolved from regular replacement of factor VIII concentrates which has significantly
improved the quality of life for those with severe disease to include and consider novel
therapies that augment or bypass the hemostatic pathway (ie, emicizumab, Mim8). Other
pipeline therapies that suppress specific natural anticoagulant pathways (ie, antithrombin,
TFPI) to reestablish hemostatic balance are under Phase 3 trial investigation. These novel
therapeutics have allowed providers more variety in dosing regimens and ease of adminis-
tration while also maintaining effective bleeding prevention. The possibility of “curative”
gene therapy is under exploration, with ongoing clinical trials in adult males.
Keywords: factor VIII, therapeutic management, coagulation, pediatrics

Introduction
Hemophilia A (HA) is an X-linked recessive disorder that results in defective and/
or deficient clotting factor (F) VIII and is classified based on percentage of
circulating plasma normal FVIII activity.1 Individuals with severe HA (<1%
FVIII activity) often display bleeding symptoms early during their first year of
life, typically joint and soft tissue bleeding becoming more evident as the child's
activity increases. Prior to implementation of factor prophylaxis, the frequent
episodes of muscle and joint bleeding lead to debilitating arthropathy and
a reduced lifespan. Thus, the primary goal for management of HA has been the
prevention of hemarthroses and other life-threatening bleeding episodes.

Prophylaxis with FVIII concentrates was, until recently, the gold standard of
treatment for severe HA and has significantly improved the overall bone and joint
health in these patients.2,3 In addition, the use of prophylaxis also leads to a marked
reduction of intracranial hemorrhage, hematomas, and hospitalizations/emergency
room visits, while improving the medical independence of the patient.4

Primary prophylaxis refers to routine, continuous treatment with FVIII concen-
trates prior to three years of age and any major joint bleed, whereas secondary
prophylaxis is the initiation of continuous treatment after three years of age or
following more than two joint bleeding episodes.1 Tertiary prophylaxis refers to
continuous replacement therapy started after the onset of joint disease.1 The Joint
Outcomes Study and the ESPRIT study are two pivotal randomized controlled trials
that assessed the value of prophylaxis in comparison to on-demand factor treatment
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and showed that prophylaxis was more effective when
initiated early; resulting in a decreased incidence of joint
bleeds and in radiographic evidence of joint damage.2,3

More recently, the Joint Outcome Continuation Study
showed that 35% of patients on early prophylaxis (prior
to 2.5 years of age) had osteochondral damage on mag-
netic resonance imaging compared to 77% of those on
delayed prophylaxis (after six years of age). Annualized
bleeding rates (ABR) were also significantly increased
when delaying prophylaxis compared to the early prophy-
laxis group.5

Today, the most important treatment-related complica-
tion is the development of an inhibitor. Approximately,
30% of patients with hemophilia A develop neutralizing
antibodies to FVIII, rendering decreased response to FVIII
concentrate products and breakthrough bleeding episodes.6

The risk of inhibitor development is highest in those with
severe HA and has been associated with certain genetic
variants, African American or Latino race and positive
family history.7 Inhibitor development occurs within the
first 20 exposure days in 79% of those with HA and most,
within the first 75 exposure days.8 Conversely, regular
prophylaxis has been reported to decrease inhibitor risk
by 60% when compared to on-demand treatment.9

Although outside the scope of this review, it is widely
recommended that all patients with HA that develop an
inhibitor undergo a trial of immune tolerance induction
(ITI) to eradicate the inhibitor either in conjunction with or
prior to use of bypassing agents (BPAs) or nonfactor
replacement therapies.

It is for these reasons, it is recommended that early in
life all persons with severe HA should implement prophy-
laxis with either clotting factor concentrates or more
recently, nonfactor replacement strategies. This review
discusses current and upcoming prophylactic treatment
options for those with severe HA with and without inhibi-
tors including FVIII concentrates and nonfactor therapies.

Factor VIII Replacement Products
for Hemophilia A
FVIII concentrates were, until the approval of emicizu-
mab, the treatment of choice as they are safe and effective
in the prevention of bleeding events. Prophylactic regi-
mens should be individualized based on patient preference
and response to therapy with the use of pharmacokinetic
(PK) evaluation. A target trough level of 1–2% FVIII
activity is sufficient to prevent most breakthrough

bleeding, including hemarthroses. However, the Joint
Outcome Continuation Study reported that despite full,
early prophylaxis only a small proportion of participants
had no joint damage through adolescence.5 This suggests
that targeting a higher trough level may lead to improved
quality of life and overall outcomes.10

Standard half-life (SHL) products have been in use for
decades with both plasma-derived and recombinant pro-
ducts available. The human immunodeficiency virus (HIV)
and hepatitis pandemics of the 1980s brought concern
about the viral safety of plasma-derived FVIII.11 This led
to strict development of viral screening protocols for donor
selection and viral inactivation methods in product pre-
paration for plasma derived products. Since the adoption
of these practices, the safety of plasma-derived FVIII is
well established and there has been no transmission of
HIVor hepatitis B or C in the US FDA-approved products
since the late 1980s.12 The efficacy of plasma-derived
FVIII and recombinant FVIII are similar, with an FVIII
half-life of approximately 12 hours in adults.13,14

However, there is significant interpatient variability in
the dose of factor and terminal half-life. Recent studies
have revealed that endogenous von Willebrand factor
(VWF) levels, ABO blood group and age play
a significant role in the variation of FVIII half-life.15,16

Generally, for each unit of FVIII infused the FVIII activity
rises by approximately 2%; thus, most FVIII IV infusion
prophylactic regimens start between 25 and 40 units/kg/
dose.17,18 With a goal FVIII trough of >1%, the use of
SHL products necessitates infusions three to four times per
week.

The development of extended half-life (EHL) products
has positively influenced the quality of life in those with
severe HA with decreased burden of care and the ability to
maintain significantly higher trough FVIII levels with rou-
tine prophylaxis. These products have improved the half-life
of FVIII in circulation to 1.4 to 1.6-fold that of SHL pro-
ducts, by either crystallizable fragment (Fc) fusion or
PEGylation technologies.19 The maximum half-life achiev-
able is about 19 hours, because the majority of FVIII (95–
97%) is bound to VWF in circulation.20 Unbound FVIII has
a six-fold decrease in half-life, whereas unbound VWF
appears to have a comparable half-life to FVIII-bound
VWF. The clearance of FVIII-VWF complex creates a half-
life ceiling and breakthrough may require modifications
beyond FVIII.16,19,20 Frequency of infusions may be
decreased to two to three times per week, however there is
significant variability between individuals due to age, body
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mass, blood group, von Willebrand factor level, physical
activity level and other variables.21,22

As previously mentioned, VWF stabilizes and protects
FVIII from degradation and clearance in circulation caus-
ing a FVIII half-life ceiling of about 14–19 hours.
Ultimately, to extend FVIII half-life further it is depen-
dent upon the uncoupling of FVIII to VWF. A new FVIII
replacement product has been developed, BIVV001, that
exhibits these properties. BIVV001 is a fusion protein
consisting of VWF-D’D3 domain fused to rFVIII via
immunoglobulin-G1 Fc domains and 2 XTEN polypep-
tides (Amunix Pharmaceuticals, Inc.).23 BIVV001 had an
increase in FVIII half-life ranging from 25–31 hours and
33–34 hours in mice and monkeys, respectively.23 In early
phase trials in men with severe hemophilia A the FVIII
half-life with BIVV001 was increased three- to four-fold
when compared to rFVIII products.24 The Phase 3
XTEND and XTEND-Kids clinical trials for the use of
BIVV001 in severe hemophilia A are underway
(NCT04644575, NCT04759131).

A comprehensive list of currently approved SHL and
EHL products is available in the World Federation of
Hemophilia Online Registry of Clotting Factor
Concentrates.25

Nonfactor Therapies for
Prophylaxis Hemophilia A
Despite the advances with treatment in EHL FVIII products,
the implementation of routine factor prophylaxis still presents
with challenges. The need for infusion may decrease to one to
two times per week, but this can still be difficult in children
with poor venous access, more so in infants. As discussed
above, the development of neutralizing antibodies to FVIII is
detrimental and occurs most frequently in patients with severe
HA. Nonfactor therapeutic options for the treatment of both
hemophilia A and B are under development. These new
products augment the hemostatic pathway or suppress speci-
fic anticoagulant pathways that may help to overcome the
current treatment gaps in hemophilia (Figure 1).

Figure 1 Mechanism of action of nonfactor therapies for hemophilia A.
Notes: Intrinsic pathway factors are depicted in blue (light blue: inactivated, dark blue: activated). Extrinsic pathway factors are depicted in yellow (light yellow: inactivated,
dark yellow: activated). Common pathway factors are depicted in green (light green: inactivated, dark green: activated). The monoclonal antibodies (emicizumab and Mim8)
are depicted in purple; mimicking FVIII activity through the bridging of factor IXa and factor X. Antithrombin shows its inhibitory effects on factors Xa and IIa; consequently,
fitusiran, the siRNA, inhibits the production of antithrombin in the liver allowing for increased thrombin generation. Tissue factor pathway inhibitor (TFPI) demonstrates its
inhibitory effect on factor VIIa and factor Xa. The TFPI inhibitors (concizumab and marstacimab) prevent binding of TFPI to factors VIIa and Xa and restore thrombin
generation.
Abbreviations: Ca2+, calcium; PL, phospholipid.
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Emicizumab
The most developmentally advanced nonfactor therapy is
emicizumab, a humanized bispecific monoclonal antibody,
was initially approved in 2017 for patients with hemophi-
lia A with inhibitors.26 Following reporting of the results
from the HAVEN 3 and HAVEN 4 clinical trials, approval
was granted for adult and pediatric HA patients with and
without inhibitors in 2018.27

Emicizumab (Genentech) acts by mimicking FVIII
activity through the bridging of factor IXa and factor X,
thereby facilitating FIXa-mediated FX activation.28 Phase
1 and 2 clinical studies demonstrated linear pharmacoki-
netic profiles of four to five weeks with no serious adverse
events, including thromboembolic events. The global
phase 3 study, HAVEN 1, enrolled 109 HA males with
inhibitors; those assigned to the emicizumab prophylaxis
group received weekly subcutaneous dosing at 3 mg/kg for
four weeks (loading phase), followed by 1.5 mg/kg weekly
(maintenance phase) thereafter. Emicizumab prophylaxis
led to an 87% reduction in bleeding compared to the no
prophylaxis group (ABR of 2.3 vs 23.3 events).26

Thrombotic microangiopathy (TMA) and thrombotic
events were reported in a total of five cases and occurred
with concurrent use of activated prothrombin complex
concentrates. After implementation of a mitigation strat-
egy, no additional thrombotic or TMA events were
reported.26 Similar therapeutic results were seen in the
HAVEN 2 trial for pediatric patients with inhibitors.
A subgroup of 15 patients previously using bypassing
agents had a 99% reduction in ABR with the use of
emicizumab.29 No thromboembolic events or cases of
TMA were reported in the pediatric clinical trial. With
the success of emicizumab in inhibitor patients, the
HAVEN 3 clinical trials assessed its use in hemophilia
A without inhibitors. A total of 152 participants were
enrolled and were assigned to receive either 1.5 mg/kg
weekly, 3 mg/kg every two weeks or no prophylaxis. Both
emicizumab treatment groups had significantly reduced
bleeding rates compared to the no prophylaxis group.30

The HAVEN 4 clinical trial evaluated the use of emicizu-
mab dosing every four weeks and showed effective control
of bleeding in those with and without inhibitors with
similar kinetics compared to the other dosing strategies.31

In all of the HAVEN clinical trials, the most commonly
reported adverse events were low-grade injection site reac-
tions, headache and myalgias. The major limitation being
the ongoing need for FVIII or bypassing agents for acute

bleeding or surgical management. Although emicizumab
has low immunogenicity, antidrug antibodies have been
reported (about 5% of patients) in both pediatric and adult
populations, the majority likely are not clinically
significant.32 Since its approval, there remain many clin-
ical questions specific to pediatrics that require ongoing
investigation. First and foremost is when to choose emici-
zumab over routine FVIII prophylaxis in previously
untreated patients. There are concerns that lack of FVIII
concentrates earlier in life may increase inhibitor risk later
on. In addition, It is unclear how the lack of FVIII expo-
sure during infancy will impact long-term outcomes
including bone and joint health. A recent survey found
that there is widespread practice variation with lack of
standardized approach in pediatric patients; patient prefer-
ence and individual bleeding risk were the major reasons
providers considered switching to emicizumab
prophylaxis.33 The overall efficacy and safety profile for
real-world use continues to evolve and further clinical
trials are ongoing.32,34

The principal achievements over regular FVIII prophy-
laxis include the subcutaneous route for administration,
long half-life (~28 days) and efficacy of bleed prevention.
Emicizumab is indicated for routine prophylaxis in adults
and children of all ages, including newborns, with HAwith
and without FVIII inhibitors. All patients should undergo
a four week loading dose regimen of 3 mg/kg/week, fol-
lowed by maintenance dosing of either 1.5 mg/kg weekly,
3 mg/kg every two weeks or 6 mg/kg every four weeks.
For children, maintenance dosing is most often determined
by weight and vial size availability.

Fitusiran
The primary role of antithrombin in the coagulation cascade is
to inactivate FXa and thrombin, but also other serine proteases
such as FIXa, FXIa and FXIIa; therefore its inhibition leads to
a hypercoagulable state. Interestingly, as first observed in
murine models of FVIII-deficient mice, suppression of antith-
rombin improved thrombin generation with subsequent reduc-
tion of clinically severe bleeding.35 This led to the
development of small interfering ribonucleic acids (siRNAs)
to target antithrombin silencing. Sehgal et al showed sustained
reduction of antithrombin in mice and nonhuman primates
with hemophilia A.36

Fitusiran (Sanofi Genzyme), a siRNA that suppresses
antithrombin production in the liver, has been developed and
is under investigation for its use in patients with hemophilia
A and B with or without inhibitors. Patients with hemophilia
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had a decrease in antithrombin levels by about 80%; in turn,
increasing overall thrombin generation.37 Concomitantly,
ABR was significantly reduced in patients without inhibitors
receiving fitusiran, with 48% (16/33) subjects experiencing no
bleeding during the observation period. For those with inhibi-
tors, ABR was also significantly reduced; 67% (22/33)
reported no spontaneous bleeds. All breakthrough bleeding
episodes were successfully treated with factor replacement or
BPAs.38 The most common treatment related adverse event
was injection site reactions. Phase 2 trials were suspended after
development of an acute cerebral venous sinus thrombosis
(initial incorrect impression was a subarachnoid hemorrhage)
in a patient with severe hemophilia A, receiving fitusiran in
combination with a FVIII product. After thorough investiga-
tion of clinical risk and safety, recommendations were given in
relation to reduced dosing of FVIII or BPAs and these phase 2
clinical trials were reopened.39,40 Phase 3 studies are ongoing,
with use of prophylactic fitusiran dosing at 80 mg subcuta-
neous once monthly. Pediatric trials were on hold with the
identification of thromboembolic events, however, have since
reopened and are actively recruiting males with severe hemo-
philia A or B (ages 1 to <12 years) (NCT03974113).41

The most commonly reported side effects of fitusiran
were injection site reactions and pain, increase in liver
transaminases and increase in D-dimer; these adverse
events were generally mild and transient in study partici-
pants. In the event of breakthrough bleeding, aPCC or
rFVIIa have been used successfully, but it is unclear the
limitations that would occur in the setting of trauma or
surgery. The benefits of fitusiran are once monthly sub-
cutaneous injections, utility in both hemophilia A and
B with and without inhibitors and good stability regardless
of external temperature fluctuations.37

Tissue Factor Pathway Inhibitors
Tissue factor pathway inhibitor (TFPI) is an important
protease inhibitor with three tandem Kunitz-type inhibitor
domains (K1, K2, and K3). TFPI is an early inhibitor of
the extrinsic coagulation system, blocking of FXa via the
K2 domain and the tissue factor-FVIIa complex via the K1
domain.42

Concizumab (Novo Nordisk) was developed as
a humanized monoclonal antibody against TFPI by inhibiting
the K2 domain, thus preventing binding to FXa. Phase 1 and
2 studies demonstrated that plasma concizumab levels of at
least 100 ng/mL were the most effective at reducing the
frequency of bleeding episodes and was well tolerated with
low rates of adverse events.43,44 To reach a goal plasma

concentration of 100 ng/mL, Phase 2 clinical trials imple-
mented a starting daily dose of 0.15 mg/kg given subcuta-
neously which was found to be suboptimal, as few (13%)
experienced zero bleeds. Thus, the ABR for each patient was
calculated based on their final dose levels and determined
that 0.25 mg/kg per dose provided optimum efficacy while
maintaining safety.44 During Phase 3 clinical trials, nonfatal
thrombotic events occurred in three patients leading to a brief
suspension, however the trial has since resumed with new
safety mitigation measures and treatment guidelines.45 Mild
injection site reactions were the most common reported side
effect for concizumab. However, a total of six patients devel-
oped low-titer antidrug antibodies with no observed clinic
effect.44 Its benefits include subcutaneous daily dosing with
good stability in an easy to use device.43

Marstacimab (Pfizer) is a human monoclonal immuno-
globulin G isotype, subclass 1 (IgG1) that targets the K2
domain of TFPI. Phase 1/2 clinical trials in hemophilia A or
B with or without inhibitors, assessed four dosing regimens.
Four serious adverse events occurred, which were deter-
mined to be unrelated to treatment. The most common
reaction was injection site reactions, and no thrombotic
events occurred. Three patients developed non-neutralizing
antidrug antibodies with no effect on safety or
pharmacokinetics.46 Phase 3 clinical trials (NCT03938792)
are in recruitment. Men with hemophilia A or B, greater than
12 years of age, will receive a 300 mg subcutaneous loading
dose, followed by 150 mg subcutaneous dosing weekly
(with potential for dose escalation to 300 mg weekly).47

Mim8
Kjellev et al analyzed over 30,000 bispecific antibodies
compatible for anti-FIXa and anti-FX to develop a novel,
next-generation FVIII mimetic human bispecific antibody,
Mim8. In vitro analysis used congenital HA plasma for
thrombin generation assay and whole blood from healthy
volunteers for thromboelastography. Mim8 was able to
normalize both thrombin generation and blood clot forma-
tion, with approximately 15 times greater potency than
emicizumab.48 Animal models have been underway to
assess potency and pharmacokinetics with Mim8. HA
mice showed reduction of bleeding with severe tail-vein
transection and demonstrated a half-life of 14 days in the
cynomolgus monkey.49

These in vitro and in vivo characterizations are encoura-
ging for the clinical development of Mim8 as a potential
next-generation FVIII-mimetic prophylactic treatment for
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individuals with hemophilia A. Currently, Phase 1 and Phase
2 clinical trials are underway (NCT04204408).

Future Directions
Gene Therapy
Therapeutic options for HA over the past 40 years have been
vast, but only recently focused on simple replacement. Despite
the expansive landscape of available options, there remain
gaps in efficacy, safety and perceived ease of care. Gene
therapy is a realistic therapeutic option for hemophilia, as
even a small increase in blood factor levels would significantly
improve the bleeding phenotype in severely affected patients.
Initial gene therapy work was first successful in hemophilia B,
but has now expanded to HA and offers the possibility of
a decade long suspension of need for prophylaxis or cure and
ability to live life with fewer restrictions.

Gene therapy in hemophilia has been achieved by
using in vivo gene transfer to the liver with adeno-
associated viral (AAV) vectors. Early trials were
obstructed by the size and poor expression of FVIII, but
have been addressed with removal of the FVIII B-domain
which is not required for cofactor activity.50 These
advances have led to many clinical trials for hemophilia
A; current Phase 3 trials are listed in Table 1.

Safety concerns with AAV vector technology include
acute liver toxicity with loss or reduced gene expression
and preexisting neutralizing anti-AAV antibodies which
may limit gene transfer.51 Specifically, these concerns
heighten for young pediatric patients given small liver size
and likely loss of transgene expression over time with liver
growth and dilution. The exaggerated humoral response that
occurs with initial vector infusion prevents the ability for

repeated infusions later in life, thus making current technol-
ogies for gene therapy an unrealistic option in most
children.52 There is of course concern for the costs asso-
ciated with gene therapy treatment. However, with time, the
decreased need for regular use of factor and nonfactor pro-
ducts and decreased episodes of breakthrough bleeding
would undoubtedly prevent long-term sequelae of hemophi-
lia and in turn benefit the health-care system as a whole.

Phase 1 investigation of gene therapy by transplantation of
hematopoietic stem cells (HSCT) transduced ex vivo with
lentivirus vectors is underway. The Atlanta trial will use auto-
logous CD34+ HSCT transduced ex vivo with CD68-ET3
lentiviral vector following a conditioning regimen of busulfan
and anti-thymocyte globulin (NCT04418414).53 Similarly, the
Wisconsin trial is using a reduced intensity conditioning regi-
men with melphalan and fludarabine, followed by an infusion
of autologous CD34+ peripheral blood stem cells, transduced
with a lentiviral vector (Pleighlet, MUT6) encoding the
B domain deleted form of human FVIII (NCT03818763).54

Genetically Modified Human Cell Therapy
Another concept under investigation is the use of genetically
modified human cells. In order for this to be successful, the
cell must be protected from host immune cells to prevent the
foreign body response and pericapsular fibrotic overgrowth
that can negatively impact long-term efficacy of these
therapies.55 Certain biomaterials (ie hydrogels) can act as
a physical barrier of protection from the host immune system.

Sigilon has created a platform that consists of genetically
modified allogeneic human cells that are able to produce
a therapeutic protein of interest (ie FVIII), that is encapsulated
in a two-compartment sphere to support the function of cells

Table 1 Current Gene Therapy Clinical Trials for Hemophilia A in Phase 3

Drug Name, Sponsor Vector Eligibility Vector
Dose

Study Phase
(Clinical Trial

ID)

Reference(s)

PF-07055480 (Giroctocogene
Fitelparovec), Pfizer

Recombinant AAV2/6 human

FVIII gene therapy

Males

18–64

years
≥150 ED

3e13 vg/

kg

Phase 3

(NCT04370054)

Leavitt

et al58,59

BMN-270 (Valoctocogene
Roxaparvovec), BioMarin
Pharmaceutical

AAV5-mediated human
B-domain related FVIII gene

therapy

Males
≥18 years

≥150 ED

6e13 vg/
kg

Phase 3
(NCT04323098)

Long et al60,61

SPK-8011, Spark Therapeutics Recombinant AAV with human

FVIII gene therapy

n/a n/a Phase 3, planned George et al62

Abbreviations: ID, identification number; AAV, adeno-associated viral; FVIII, factor VIII; ED, exposure days; vg/kg, vector genomes per kilogram of bodyweight.
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while protecting it from the host immune response. SIG-001 is
a buffered suspension of 1.5 mm alginate spheres encapsulat-
ing hFVIII-expressing human cells that has been shown to
correct the bleeding phenotype and produced durable hFVIII
levels in HA mice.55 The first human clinical Phase 1/2 trials
began in early 2020 and will include those with severe and
moderately-severe HAwho have had over 150 exposure days
to FVIII products.56 The clinical trial (NCT04541628) has
since been suspended due to one patient developing inhibitors
to SIG-001.57

Conclusion
With nearly a half century of investigation, our ability to
provide safe and efficient care for children with hemophi-
lia has grown immensely. The care of pediatric patients
with hemophilia requires a thoughtful approach of exactly
when to start prophylaxis and with what product. There are
many factors that the medical team needs to consider
including age, previous exposure days and venous access.
Today, both FVIII concentrate products and emicizumab
are suitable options for primary prophylaxis in pediatric
hemophilia A. The use of other nonfactor therapies is
under investigation, however their applicability in young
children still needs to be studied. Continued understanding
of the complexities of the coagulation system has led to
advancements in therapy, specifically in nonfactor thera-
pies, for hemophilia with prospects for significant mitiga-
tion of bleeding in the near future and possibility of cure in
the distant future. Additional clinical studies and long-term
outcome data are needed to establish ideal use and ensure
safety for these patients.

Abbreviations
AAV, adeno-associated viral; ABR, annualized bleeding
rate; BPA, bypassing agent; EHL, extended half-life; F,
clotting factor; Fc, crystallizable fragment; HSCT, hema-
topoietic stem cell transplant; HA, hemophilia A; HIV,
human immunodeficiency virus; ITI, immune tolerance
induction; PK, pharmacokinetic; siRNA, small interfering
ribonucleic acid; SHL, standard half-life; TFPI, tissue
factor pathway inhibitor; TMA, thrombotic microangiopa-
thy; VWF, von Willebrand factor.
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