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Abstract

Hemophilia A is a congenital disorder caused by deficiency or malfunction of coagulation factor (F) VIII. While exogenously
provided FVIII effectively reduces bleeding complications in many hemophilia A patients, multiple efforts are underway
to develop new drugs to meet the needs that conventional FVIII agents do not. We have been long engaged in creating and
clinically developing a humanized anti-FIXa/FX asymmetric bispecific IgG antibody with a FVIIIa-cofactor activity. Since
this project was born from a creative and unique idea, our group recognized from the first that it would face many difficulties
in the course of research including establishment of industrial manufacturability of an asymmetric bispecific IgG antibody.
The group actually faced various challenges, but addressed all of them during about 10 years of research, and successfully
created the potent humanized bispecific antibody, emicizumab. Emicizumab has showed clinical benefits in the human trials
among which the first one was started in 2012, and has been currently approved in US, EU, Japan, and some other countries.
It is now expected to improve the quality of life of patients and their families. In this article, we review the course of the

research and clinical development of emicizumab, and describe its molecular characteristics.
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Introduction

Hemophilia A is a congenital disorder caused by deficiency
or malfunction of coagulation factor (F) VIIIL. In approxi-
mately half of hemophilia A patients, the disease is severe
[1], which is defined as < 1% of normal FVIII activity [2].
Patients with severe hemophilia A typically experience fre-
quent spontaneous bleedings into their joints and/or muscles,
predominantly in the absence of identifiable hemostatic chal-
lenge. The gene encoding FVIII (F8 gene) is located on X
chromosome, and consequently, most of the patients with
severe hemophilia A are male.

The first line of treatment for severe hemophilia A is
FVIII replacement therapy. This treatment against ongoing
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bleeding episodes has decreased the mortality caused by
bleeding [3]. In addition, on the basis of the observation
that moderate hemophilia A patients (1-5% of normal FVIII
activity) experience far fewer bleeding episodes, many
patients with severe hemophilia A in developed countries
are currently given regular prophylactic infusions of a FVIII
agent to keep the factor’s activity to 1% or above of normal
activity, which effectively reduces joint bleeds, maintains
better joint status, and leads to an improved quality of life
[2, 4].

Despite these advantages of the FVIII replacement ther-
apy, there remain some unmet issues [5]. Since the plasma
half-life of a FVIII molecule is rather short (approximately
0.5 days), frequent infusions, typically three times a week,
are required for bleeding prophylaxis [2, 4]. Currently, FVIII
agents with an extended half-life have appeared on the mar-
ket, but the plasma half-life is around 0.75 days, so once or
twice weekly infusions are still required [6]. In addition, as
exogenous FVIII is only available by intravenous infusions
[7], the difficulty of venous access is another big hurdle for
introducing injections in the home setting. Furthermore, as
the FVIII molecule is immunologically a foreign protein
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in hemophilia A patients, 1/3 of severely affected patients
develop anti-FVIII neutralizing alloantibodies, termed FVIII
inhibitors [8], which decrease or diminish the effect of a
FVIII agent. If FVIII inhibitors develop, it becomes more
difficult to control hemorrhaging, because alternative treat-
ment agents, including recombinant activated FVII and
activated prothrombin complex concentrates (aPCC), have
a shorter half-life and are not always effective [2]. Eradica-
tion of FVIII inhibitors with high doses of a FVIII agent is
also being attempted (termed immune tolerance induction
or ITI), but the process is burdensome and does not always
work [9]. From the economic point of view, the treatment
cost for hemophilia is also a big issue especially in develop-
ing countries.

To overcome the remaining needs of patients with
severe hemophilia A, a number of researchers in academia
and industry are continuing the struggle. Besides our
approach that will be described in detail later [10], multiple
approaches are under clinical development [5, 6]. One exam-
ple is a further engineered FVIII molecule, BIVV001, which
is currently in phase 1/2 of clinical development and is
reported to have approximately 1.5 days of half-life instead
of the 0.75 days achieved by a current FVIII agent with an
extended half-life. The BIVV0O01 agent is aimed at reducing
the frequency of infusions, but still needs venous access.

Another type of therapy that uses the approach of “rebal-
ancing” the hemostatic mechanism is the use of an inhibi-
tor against the innate anticoagulation pathway: for example,
siRNA against antithrombin (fitusiran) under clinical devel-
opment in phase 3, and anti-tissue factor pathway inhibitor
(TFPI) antibodies (concizumab etc.) under clinical develop-
ment in phase 1 or 2. These agents can be given in subcu-
taneous injections instead of intravenous infusions and thus
have the advantage of dosing route, as well as possibly the

advantage of reducing dosing frequency. In addition, they
will be able to address the issue of FVIII inhibitors, since
their antigenicity is totally different from that of a FVIII
molecule.

Gene therapy has been long awaited as an ultimate ther-
apy. Currently, multiple types of F§ gene transfer mediated
by the recombinant adeno-associated virus (AAV) are being
clinically developed in phase 1/2 or 3. Clinically meaningful
outcomes have been recently reported, and thus, this fan-
tastical approach is gradually advanced, although several
issues remain, such as anti-AAV neutralizing alloantibodies,
therapeutic durability, and the use in patients with FVIII
inhibitors [11].

Among these various approaches, a humanized anti-
FIXa/FX bispecific antibody with a FVIIla-cofactor activ-
ity, emicizumab (Hemlibra®) [12], was first approved and
introduced to the market in US, EU, Japan, and some other
countries. In this review article, we describe the course of
the research and the clinical development of emicizumab, as
well as its molecular characteristics.

Inspiration for an anti-FIXa/FX bispecific
antibody with a FVIlla-cofactor activity

The concept of an anti-FIXa/FX bispecific antibody with
a FVIlIIa-cofactor activity (Fig. la) was inspired by Dr.
Kunihiro Hattori, a researcher in Chugai Pharmaceutical
Co., Ltd. (Chugai) around the year 2000. In those days, his
group was engaged in several therapeutic antibody projects,
one of which was a humanized anti-tissue factor antibody
for treating thrombotic disorders, which meant that he had
extensive knowledge of both antibodies and coagulation. He
had noticed reports in the mid-late 1990s, indicating that
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FVIIIa had binding abilities to both FIXa and FX (Fig. 1b)
[13-16]. He was also aware of the report in the late 1990s
that revealed the molecular mechanism of Protein S cofac-
tor function to accelerate the activated Protein C (aPC)-
catalyzed “complete” inactivation of FVa [17]. The report
demonstrated that protein S facilitated rotational and/or
translational movement of the aPC catalytic center relative
to the cell surface at the same level of the R306 position
of FVa, and thus improved the accessibility of the center
to the R306 position at which cleavage led to “complete”
inactivation of FVa. Without Protein S, the position of the
aPC catalytic center relative to the cell surface was at the
same level of the R506 position of FVa at which cleavage
led to “incomplete” inactivation of FVa. In other words, the
function of Protein S cofactor is simply changing the spatial
positioning of the aPC catalytic center above the cell surface
to control the intensity of the aPC-dependent negative feed-
back of coagulation. Having these background, he inspired
that there could be an anti-FIXa/FX bispecific IgG antibody
to exert a FVIIIa-cofactor activity by placing the catalytic
center of FIXa precisely at the cleavage site of FX, although
such an antibody would be rare [10]. An IgG antibody gen-
erally has a high subcutaneous bioavailability and a long
half-life. In addition, an IgG antibody would have a totally
different structure or antigenicity from the FVIII molecule,
so it should theoretically work even in the presence of FVIII
inhibitors and also would not itself induce FVIII inhibitors.
These were ideal drug profiles for hemophilia A.

FVIIIa is a cofactor to increase the catalytic rate constant
(k.,) and decrease the Michaelis constant (K,,) of the reac-
tion of FIXa-catalyzed FX activation [10]. Although pio-
neering researchers had revealed that multiple sites in FVIIIa
interact with FIXa and FX already at that time (Fig. 1b)
[13-16], the mechanisms by which FVIIla accelerates the
FIXa-catalyzed FX activation had yet to be defined even at
the time of writing. FVIIIa may facilitate the precise place-
ment of the catalytic center of FIXa at the cleavage site of
FX by its ability to bind to both factors. In addition, the A2
subunit of FVIIIa may directly modulate the active cata-
lytic site of FIXa to increase k., of the FIXa-catalyzed FX
activation [14]. The strategy of applying a bispecific anti-
body would realize only the binding to the respective anti-
gens at single sites, and therefore, it was a great challenge
to reproduce such a complicated original FVIIIa-cofactor
function facilitated by multiple interactions. Nevertheless,
our attempts were encouraged by the epidemiologic observa-
tion that just keeping only a few % of normal FVIII activity
would be enough to prophylactically reduce the bleeding
episodes of patients with severe hemophilia A [2]. In terms
of molecular biology, the group also perceived that the dis-
tance between the FIXa- and FX-binding sites of FVIIla
would be similar to that between the two antigen-binding
sites of human IgG [10, 20, 21].
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In terms of developing a bio-pharmaceutical, another
critical issue at that time was how to manufacture an asym-
metric bispecific IgG antibody. Since an IgG antibody has
two antigen-binding fragments (Fab) both of which link to
an Fc region, there had long been a concept of an asymmet-
ric bispecific IgG antibody capable of binding to two differ-
ent antigens or epitopes (Fig. 2a). Even now, however, only
two asymmetric bispecific IgG antibody drugs have been
approved in US, EU, or Japan so far. One is catumaxomab
(Removab®), a rat-mouse hybrid asymmetric bispecific
IgG antibody to CD3 and epithelial cell adhesion molecule
(EpCAM), which was approved in EU in 2009 but with-
drawn in 2017. The other is emicizumab (Hemlibra®), our
humanized asymmetric bispecific IgG antibody to FIXa and
FX. An asymmetric bispecific IgG antibody typically has
2 kinds of heavy chain and 2 kinds of light chain. If the 4
chains were simultaneously expressed in a recombinant cell
to produce the desired asymmetric bispecific IgG antibody,
as many as 9 kinds of unwanted byproduct IgG molecules
would also be assembled and secreted (Fig. 2b). This would
lead to difficulties in the purification process in industrial
manufacture, as well as decreasing the production efficiency.
In 1998, researchers at Genentech Inc. threw some light on
this issue [22]. They advocated a method of reducing the
byproduct IgG molecules using a common light chain in the
asymmetric bispecific IgG antibody and also by introducing
“knobs-into-holes” mutations in its Fc region to prioritize
a specific hetero-dimerization of the heavy chains. This
report encouraged us in terms of pharmaceutical technol-
ogy, although difficulties in the industrial manufacture still
laid ahead.

Generation and molecular engineering
of the bispecific antibody

The bispecific antibody we were trying to create had to place
the catalytic center of FIXa precisely at the cleavage site
of FX. As we mentioned above, we considered that such
a bispecific antibody should be rare, if any. Therefore, our
strategy was to create a large number of anti-FIXa/FX bispe-
cific antibodies to discover just the “rare” one we needed
[10, 12]. In the early era of this program, we identified, from
a screening of 460 generated anti-FIXa/FX bispecific anti-
bodies, an anti-FIXa/FX bispecific antibody that shortened
the activated partial thromboplastin time (APTT) of FVIII-
deficient plasma to a certain extent. Soon after that, the Chu-
gai members visited Nara Medical University, a prominent
hemophilia research group in Japan, to discuss the potency
and prospects of the anti-FIXa/FX bispecific antibody, and
then the collaboration between the two institutions started.
The collaboration is now turned out to be continued beyond
a decade.
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For some time, our research activities were just like trial
and error. For example, we first considered that the APTT-
shortening effect would reflect the in vivo hemostatic activ-
ity of the bispecific antibodies in the hemophilia A state,
as is the case with FVIIIL. During the course of our early
research activities, we steadily accumulated knowledge on

produce the desired asymmetric bispecific IgG antibody, as many as 9
kinds of unwanted byproduct IgG molecules would be simultaneously
assembled and secreted. ¢ Schematic illustration of the molecular
structure of emicizumab. CDR complementarity determining region,
pl isometric point

the true nature of FVIIIa-cofactor activity of the bispecific
antibodies, and became aware that an APTT-shortening
activity would not necessarily predict the in vivo hemostatic
activity.

We repeated the screening campaigns, and eventually,
the screening scale was expanded to tens of thousands of
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bispecific antibodies to identify a lead bispecific antibody
with “good natures”. Briefly, we prepared the genes of the
variable regions of anti-FIXa or anti-FX antibodies (approxi-
mately 200 for each antigen) from mice, rats, and rabbits that
had been immunized with human FIXa or FX. We inserted
the genes into an expression vector containing the constant
region of human IgG, and expressed a total of approximately
40,000 bispecific IgG combinations in Human Embryonic
Kidney (HEK) cells. The FVIIIa-cofactor activity of each
bispecific antibody was tested one by one in an enzymatic
assay consisting of purified FIXa and FX, synthetic phos-
pholipid (PL), and a chromogenic substrate for FXa. The
bispecific antibodies selected from the mass screening
were further narrowed down by a series of assays, includ-
ing plasma assays. Then, we identified a lead anti-FIXa/FX
bispecific antibody, BS15, with 2 kinds of heavy chain and a
common light chain, and its humanized version, hBS1 [12].
The FVIIla-cofactor activity of these antibodies, however,
seemed to be insufficient for clinical use. In addition to the
need to increase the FVIIIa-cofactor activity, we also had to
multi-dimensionally improve other aspects: for example, to
increase the physicochemical stability (necessary for storage
stability), to increase the solubility (necessary for preparing
a subcutaneously injectable formulation of high concentra-
tion), to decrease the non-specific binding (necessary for
ensuring a subcutaneous bioavailability), and to improve the
in silico prediction score on immunogenicity. For achiev-
ing all of these, we had to engineer the bispecific antibody
molecule by replacing amino acids in the Fab regions. In
the actual engineering process, we repeated an “engineering
cycle” to gradually bring the designed antibody sequence
closer to the goal. Briefly, in each “engineering cycle”, we
first designed several tens of bispecific antibody sequences
by introducing amino acid mutations. Then, we expressed
and purified the antibodies, and tested them multi-dimen-
sionally to find promising amino acid mutations. However,
an amino acid mutation that was promising for one or more
aspects did not necessarily improve all of them. In such a
case, we tried to design antibodies that would retrieve the
aspects made worse by the previous mutations in the later
cycles.

In addition, we also had to ensure the manufacturability
of a recombinant asymmetric bispecific IgG antibody. As
described above, if the 2 kinds of heavy chain and 2 kinds of
light chain were expressed in a recombinant cell to produce
the desired asymmetric bispecific IgG antibody, 9 kinds of
unwanted byproduct IgG molecules would also be assembled
(Fig. 2b). To resolve this issue completely and to manufac-
ture at a high quality, we developed three proprietary tech-
nologies: a methodology to identify a common light chain
effective for both the heavy chains of an asymmetric bispe-
cific IgG antibody; isometric point (pI) engineering of the
heavy chains to enable the desired bispecific IgG antibody
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to be isolated from the unwanted byproduct IgG molecules;
and mutations to facilitate heavy chain hetero-dimerization
by electric repulsion and attraction [12].

After testing as many as approximately 2,400 bispecific
antibodies that we designed, we finally identified a prom-
ising humanized anti-FIXa/FX asymmetric bispecific IgG
antibody, ACE910, which incorporated the proprietary
technologies for industrial manufacturing and met all of
the required aspects [12]. The international nonproprietary
name of ACE910 was determined later as emicizumab.

Non-clinical characteristics of emicizumab

The origins of the complementarity determining regions
(CDRs) in the anti-human FIXa heavy chain, the anti-human
FX heavy chain, and the common light chain of emicizumab
are rat, mouse, and both rat and mouse, respectively [12]
(Fig. 2¢).

Emicizumab surely functions as a cofactor to promote the
FIXa-catalyzed FX activation, since it did not promote FX
activation without FIXa in an enzymatic assay. For emici-
zumab to exert a FVIIIa-cofactor activity, it must simultane-
ously bind FIXa and FX; in other words, it must bridge FIXa
and FX. This feature was demonstrated by the experimental
result that neither the monospecific antibodies to FIXa or
FX derived from emicizumab nor a mixture of those derived
antibodies promoted FIXa-catalyzed FX activation [12].
Dependency of emicizumab’s action on phosphatidylserine
(PS)-exposed PL membrane is also important for addressing
the site specificity of its action. The coagulation reaction
is known to be dependent on PS-exposed PL membrane.
This dependency contributes to limiting the fibrin forma-
tion to the hemostatic site, where platelets are activated to
expose PS on their PL membrane surface. Whereas FVIIla
is known to have domains that bind to PS, emicizumab does
not (Fig. 1), but nevertheless, the FVIIla-cofactor activity of
emicizumab was dependent on PS-exposed PL. membrane
[23]. This is because the FVIIla-cofactor action in nature
takes over the PS-exposed PL. membrane dependency that
the reaction of FIXa-catalyzed FX activation itself has.

The in vitro FVIIIa-cofactor activity of emicizumab was
also demonstrated in a series of assays using FVIII-deficient
or depleted plasma or blood to which emicizumab was added
[12, 24, 25]. In addition, an in vivo hemostatic activity of
emicizumab was demonstrated in an acquired hemophilia
A animals. Since emicizumab is highly species specific, we
established an acquired hemophilia A state in cynomolgus
monkeys by injecting an anti-primate FVIII neutralizing
antibody that did not cross react to porcine FVIII [24, 26].
Against the ongoing bleeding induced artificially in the
animals, intravenous single administration of 3 mg/kg of
emicizumab demonstrated a hemostatic activity similar to
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twice daily intravenous injections of 10 U/kg of recombi-
nant porcine FVIII [24]. Based on this result, we roughly
predicted that the factor to convert pg/mL of emicizumab to
the equivalent IU/dL of FVIII hemostatic activity would be
0.3 when the concentration of emicizumab in plasma was
around 50 ug/mL [24, 27, 28]. Later on, the prediction from
non-clinical in vivo study turned out to be roughly concord-
ant with the outcomes of cohort 2 in the phase 1 study which
suggested that the factor would be 0.3 or higher for the con-
version of pug/mL of emicizumab to IU/dL of equivalent
FVII hemostatic activity [27].

The experimental results on binding properties of emi-
cizumab are very useful for considering its mechanism of
action. Emicizumab recognizes the epidermal growth fac-
tor (EGF)-like domain 1 of FIX/FIXa with one arm and
the EGF-like domain 2 of FX/FXa with the other arm [23].
Thus, emicizumab does not bind directly to the pro-catalytic
or catalytic domains of FIX/FIXa or FX/FXa. Its levels of
binding affinity to the antigens are moderate (the K, values
are: 1.58, 1.52, 1.85, and 0.978 puM to FIX, FIXa, FX, and
FXa, respectively) compared to typical therapeutic antibod-
ies that have been marketed so far; for example, 0.0273 nM
(infliximab), 0.120 nM (eculizumab), and 3.06 nM
(nivolumab). Emicizumab’s moderate binding affinity, more
specifically fast kg, allows the resultant FXa to be released
from emicizumab and move to the next downstream reaction
in the coagulation cascade [23].

The K-based simulation predicted that, at the plasma
concentrations of emicizumab in the clinical setting, the
majority of plasma FIX and FX would exist as monomers
unbound to emicizumab in circulation [23]. This prediction
suggests that any influence of emicizumab in the clinical
setting on the other coagulation reactions would be minimal.
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The Kj-based simulation also predicted that only a very
small part of plasma FIX, FX, and emicizumab would form
the antigen-bridging FIX—emicizumab-FX ternary complex
in circulation, and the concentration of the ternary complex
would form a bell-shaped relationship with emicizumab con-
centration (Fig. 3a). The plasma emicizumab concentration
at the peak of the bell shape was calculated as 265 pg/mL or
1820 nM [23], whereas the steady-state emicizumab concen-
tration in plasma with weekly 1.5 mg/kg subcutaneous injec-
tions in clinical was around 50 pg/mL [28, 29]. In the plasma
thrombin generation assay using FVIII-deficient plasma, we
found a similar bell-shaped relationship with emicizumab
concentration (Fig. 3b), suggesting that emicizumab’s cofac-
tor activity depends on its ability to bridge the antigens [23].
Therefore, on the basis of the above assumption, we consider
that too much emicizumab would not necessarily lead to
too much cofactor activity. It may be preferable, because
an unexpectedly high FVIIIa-cofactor activity would not be
induced by emicizumab injections. Nevertheless, a higher
emicizumab concentration in plasma (e.g., 200 pg/mL or
more) should be considered with caution, since it would
decrease emicizumab-unbound FIX and FX monomers in
circulation.

We also performed a kinetic analysis to quantitatively
elucidate the nature of emicizumab’s cofactor activity. In the
reaction of FIXa-catalyzed FX activation in the presence of
synthetic PL, emicizumab increased k, by 4,480-fold and
decreased K, by 19.5-fold, compared with the condition in
the absence of cofactor [23]. The k_,, value for the FIXa-
catalyzed FX activation in the FIXa—FVIIla-FX ternary
complex was 126 min and that in the FIXa—emicizumab-FX
ternary complex was 2.88 min. Thus, there was theoreti-
cally as much as 43.8-fold difference in the rate (speed) of
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FX activation between them, while plasma emicizumab
at around 50 pg/mL is expected to provide an equivalent
FVIII activity of at least 15 IU/dL or one 6.67th of normal
activity in vivo, as mentioned above [28]. These independ-
ent analyses may seem discrepant, but are assumedly logi-
cal when it is remembered that as the K-based simulation
showed, approximately 1 nM of ternary complexes would
be formed at around 50 pg/mL (343 nM) of plasma emi-
cizumab, whereas the molar concentration of 15 IU/dL of
FVIII is only 0.045 nM. Thus, we consider that the larger
amount of enzyme—cofactor—substrate complexes in case of
emicizumab would compensate for the lower rate (speed)
of FX activation when comparing with the FVIII case [23].

Possibility of influence of emicizumab on the innate
negative feedback systems of coagulation also needs to be
clarified. Emicizumab interfered with the action of neither
antithrombin nor TFPI [30], which means that the coagu-
lation negative feedback by antithrombin and TFPI would
fully work in the emicizumab-mediated coagulable reac-
tions. Regarding the Protein C system, although emicizumab
was not a substrate of aPC, as FVIIla was, the Protein C
system worked well via FVa inactivation to stop the emici-
zumab-mediated coagulable reaction in the plasma thrombin
generation assay [31].

Outcomes of the clinical studies
of emicizumab

The phase 1 study of emicizumab was initiated in 2012. It
started with a double-blind, randomized, placebo-controlled,
inter-individual dose-escalation part in healthy male adults
for assessing the safety, tolerability, pharmacokinetics, and
pharmacodynamics [32]. A total of 40 Japanese (Part A)
and 24 Caucasian (Part B) subjects received a single sub-
cutaneous injection of emicizumab (Part A: 0.001, 0.01,
0.1, 0.3, and 1 mg/kg; Part B: 0.1, 0.3, and 1 mg/kg; and
6 subjects per dose group) or placebo (2 subjects per dose
group). In both parts of the study, emicizumab exhibited a
linear pharmacokinetic profile and had a half-life of approxi-
mately 4—5 weeks (28.3—34.4 days). There was no seri-
ous adverse event, and no clinical or laboratory evidence of
hypercoagulability-related abnormality. Anti-emicizumab
alloantibodies, which are anti-drug antibodies (ADAs), were
detected before and after emicizumab administration in one
individual, and an ADA-positive test was reported only after
administration in another subject.

Subsequently, an open-label, non-randomized, inter-indi-
vidual dose-escalation part of emicizumab started in 2013 in
18 Japanese patients with severe hemophilia A (> 12 years)
with and without FVIII inhibitors (Part C) [27], and seam-
lessly, its extension study (the phase 1/2 study) started in 16
of the 18 patients [33]. The purpose of the part and study
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was to assess the safety, pharmacokinetics, pharmacodynam-
ics, and prophylactic effects on bleeding compared with the
6 months before enrollment in an exploratory manner. The
dosing regimens—subcutaneous administrations at an ini-
tial dose of 1 (C-1) or 3 (C-2 and C-3) mg/kg followed by
a once-weekly dose of 0.3 (C-1), 1 (C-2), or 3 (C-3) mg/
kg—were determined on the basis of the non-clinically pre-
dicted concentrations of emicizumab in plasma at 1 week
after each administration (trough levels) of 11.2 (C-1), 37.3
(C-2), and 112 (C-3) pug/mL at steady state [27]. Since the
non-clinically estimated factor for the conversion of pg/mL
of emicizumab to IU/dL of equivalent FVIII hemostatic
activity was 0.3 as explained above, we expected that the
outcomes may roughly correspond to a moderate (C-1) or
mild (C-2 and 3) phenotype of hemophilia A [27].

Once-weekly subcutaneous emicizumab administration
for a maximum of 33.3 months was well-tolerated with no
thromboembolic event reported, even at the steady state for
the highest dose (3 mg/kg per week), and no neutralizing
ADA developed during the course of the part and study.
Four patients tested positive for non-neutralizing ADAs: 1
tested positive before and after emicizumab initiation, and
3 tested positive only after emicizumab initiation. Because
the presence of ADAs had no effect on plasma concentra-
tions of emicizumab, FIX or FX, pharmacodynamic mark-
ers, or reduction in efficacy, the ADAs were considered
non-neutralizing ones. In two patients, the treatment was
discontinued. The reason in one case was repeated mild
injection-site erythema. The other case did not meet one of
the pre-determined criteria for participating in the extension
phase 1/2 study: 3 or more bleeding episodes during the 6
months before enrollment in the case of a patient without
FVIII inhibitors.

The emicizumab treatment in these studies showed
encouraging efficacy in patients with severe hemophilia A,
irrespective of the presence of FVIII inhibitors, as demon-
strated by the substantial decrease in annualized bleeding
rate (ABR) across dose cohorts (Fig. 4a). In a small subset
of 4 patients, the dose was increased because of suboptimal
bleeding control. In each patient who received higher doses,
a further reduction in ABR was observed (Fig. 4b). These
clinical outcomes seemed to be roughly concordant with
our non-clinical estimate of the equivalent FVIII hemostatic
activity of emicizumab described above. In other words, in
this case, a non-clinical estimate was effectively utilized in
the clinical study design (the dosage setting, etc.), and the
results were reproduced well in the clinical study.

To further examine the safety aspects of emicizumab
prophylaxis and prove its efficacy in lowering ABR in
patients with hemophilia A, a series of phase 3 stud-
ies, known as HAVEN 1-5 and HOHOEMI, have been
planned so far (Table 1). To select the dosing regimens
of emicizumab to be tested in these studies, we applied
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Fig.4 Efficacy outcomes of the phase 1 and 1/2 studies (combined).
a Individual annualized bleeding rates (ABRs) pre- and post-emici-
zumab for each patient with or without FVIII inhibitors. All data col-
lected following dose up-titrations were excluded; data before dose
up-titration were used for ABR calculation of the combined phase 1

Table 1 Phase 3 studies of emicizumab

(12 weeks) and phase 1/2 extension studies. b Individual ABRs pre-
and post-emicizumab for patients who had dose up-titration. ABRs
for each given dose were calculated based on combined data from the
phase 1 and 1/2 studies. QW once weekly. The graphs were quoted
and modified from the Supplemental Data of the reference [33]

Name of Phase 3 ~ Maintenance dosing regimen®

Patient population

study Amount Route Frequency Disease FVIIL Age (body weight)
inhibitors

HAVEN 1 1.5 mg/kg SC Every week Congenital hemophilia A+ > 12 years of age (>40 kg)

HAVEN 2 1.5 mg/kg SC Every week Congenital hemophilia A + <12 years of age, 12—17 years of age (<40 kg)
3 mg/kg SC Every 2 weeks >2 and < 12 years of age
6 mg/kg SC Every 4 weeks

HAVEN 3 1.5 mg/kg SC Every week Congenital hemophilia A — > 12 years of age (>40 kg)
3 mg/kg SC Every 2 weeks

HAVEN 4 6 mg/kg SC Every 4 weeks Congenital hemophilia A + or — > 12 years of age (>40 kg)

HOHOEMI 3 mg/kg SC Every 2 weeks Congenital hemophilia A — <12 years of age
6 mg/kg SC Every 4 weeks

HAVEN 5 1.5 mg/kg SC Every week Congenital hemophilia A 4 or — > 12 years of age (>40 kg)
6 mg/kg SC Every 4 weeks

SC subcutaneous administration

#The maintenance dosing will start after completing a loading dose of 3 mg/kg every week for initial 4 weeks
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pharmacometric approaches on the basis of the outcomes
of the phase 1 and 1/2 studies, which substituted for a con-
ventional dose-finding study [28, 34].

The results of the HAVEN 1 study were published in 2017
[29]. The study assessed the efficacy, safety, and pharma-
cokinetics of once-weekly subcutaneous emicizumab proph-
ylaxis in hemophilia A patients with FVIII inhibitors. The
primary objective was to compare bleeding rates among par-
ticipants previously given episodic treatment with bypass-
ing agents who received emicizumab prophylaxis versus no
prophylaxis. A total of 109 participants were enrolled. The
ABR was 2.9 events (95% confidence interval [CI] 1.7-5.0)
among participants who were randomly assigned to emici-
zumab prophylaxis (n =35, Group A), versus 23.3 events
(95% CI 12.3-43.9) among those assigned to no prophy-
laxis (n= 18, Group B), representing a significant difference
of 87% in favor of emicizumab prophylaxis (P <0.001). A
total of 22 participants in Group A (63%) had zero bleed-
ing events, as compared with 1 participant (6%) in Group
B. Among 24 patients in Group C who had participated in
an earlier non-interventional study, emicizumab prophylaxis
resulted in ABR that was significantly lower by 79% than
the patient’s previous rate of prophylaxis with a bypassing
agent (P <0.001). In addition, the emicizumab prophylaxis
improved the Physical Health Score of the Haemophilia-
Specific Quality-of-Life (Haem-A-QoL) Questionnaire.

In this HAVEN 1 study, 198 adverse events were reported
in 103 participants receiving emicizumab prophylaxis; the
most frequent events were injection-site reactions (in 15%
of participants). Five serious thrombotic adverse events
were evident, with 3 reports of thrombotic microangiopathy
(TMA), 1 skin necrotic superficial thrombophlebitis, and 1
cavernous sinus thrombosis. These complications occurred
in patients treated with multiple infusions of aPCC under the
emicizumab prophylaxis [29]. The case of one patient who
developed TMA was eventually fatal, although the TMA was
resolving at the time of death. He received aPCC treatment
against rectal hemorrhage for 4 days consecutively.

On the whole, the statistical significance of the outcomes
seen in the HAVEN 1 study underwrote the efficacy observed
in the phase 1 and 1/2 studies. Emicizumab was approved in
US in 2017 and also in EU, Japan, and some other countries
in 2018 on the basis of the positive results from this HAVEN
1 study and the interim results from the HAVEN 2 study. In
these first approvals, emicizumab was indicated for prophy-
laxis to prevent or reduce the frequency of bleeding episodes
in adult and pediatric patients with hemophilia A (congeni-
tal FVIII deficiency) with FVIII inhibitors. Its prescribing
information in US includes a boxed warning about TMA and
thromboembolism, stating that cases of TMA and throm-
botic events were reported when on average a cumulative
amount of > 100 U/kg/24 h of aPCC was administered for
24 h or more to patients receiving emicizumab prophylaxis.

@ Springer

Most recently, the results of the HAVEN 3 study were
published [35]. The study investigated once-weekly or
once-biweekly subcutaneous emicizumab prophylaxis in
hemophilia A patients without FVIII inhibitors. For the
once-weekly maintenance dosing regimen, 1.5 mg/kg of
emicizumab was administered per infusion which was
identical to that in the HAVEN 1 and 2 studies. For the
once-biweekly maintenance dosing regimen, 3 mg/kg of
emicizumab was administered per infusion. Therefore,
despite the difference of the doses per infusion, the two
regimens required the identical usage amount of emici-
zumab on the whole.

A total of 152 participants were enrolled. The ABR
was 1.5 events (95% CI 0.9-2.5) in the once-weekly emi-
cizumab prophylaxis cohort (Group A, n = 36) and 1.3
events (95% CI 0.8-2.3) in the once-biweekly emicizumab
prophylaxis cohort (Group B, n = 35), as compared with
38.2 events (95% CI 22.9-63.8) in the no prophylaxis
cohort (Group C, n = 18); thus, the rate was 96% lower in
Group A and 97% lower in Group B (P <0.001 for both
comparisons). In the intra-individual comparison involv-
ing 48 patients (Group D) who had participated in an ear-
lier non-interventional study, emicizumab prophylaxis
resulted in an ABR that was 68% lower than the ABR
with previous FVIII prophylaxis (P <0.001). The most
frequent adverse event was low-grade injection-site reac-
tion. There were no thrombotic or TMA events, or new
development of FVIII inhibitors. These results indicated
the possibility that the options of emicizumab prophylaxis
may be expanded in terms of flexibility in dosing regimens
and scope of the patients. (During the proof process of
this manuscript, Food and Drug Administration (FDA) of
US expanded the regulatory approval of emicizumab: “for
routine prophylaxis to prevent or reduce the frequency of
bleeding episodes in adults and children with hemophilia
A both with and without FVIII inhibitors, administered
once weekly, every 2 weeks, or every 4 weeks”.)

No neutralizing ADA has been reported in the HAVEN
1 and 3 studies, but a patient in the HAVEN 2 study was
recently reported to have developed neutralizing ADAs
to emicizumab and his emicizumab prophylaxis was
stopped. So far, hundreds of hemophilia A patients have
been treated with emicizumab worldwide, but this was the
first case of developing problematic neutralizing ADAs
during its prophylaxis, whereas inhibitors to FVIII agents
(neutralizing ADAs) have developed in as many as 1/3
of the patients with severe hemophilia A [8]. In the case
of anti-TNFa biologics, ADAs developed in 12.7% of the
receiving people, and the clinical response was reduced in
67% of the ADA-positive cases [36]. Thus, emicizumab’s
record on immunogenicity is considered to have been rea-
sonably favorable so far.
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Biomarkers in the presence of emicizumab

Finally, in this article, we would like to mention the bio-
markers in the patients treated with emicizumab. APTT
and APTT-based assays are occasionally used for patients
with hemophilia A [2]. However, the action of emicizumab
on these assays is intensive in terms of the comparison
with that of FVIIL. It is because FVIII requires additional
time to be activated by thrombin or FXa in these assay
systems, whereas emicizumab in nature does not require
to be activated by a protease. As a result, emicizumab at
the clinical doses interferes with or masks the outcomes
of APTT itself and other APTT-based assays including
one-stage clotting assays to determine FVIII, FIX, and
Protein C activities and the Bethesda assay to determine
FVIII inhibitor titer. We recently advocated a methodol-
ogy of adding two anti-emicizumab neutralizing antibod-
ies in vitro to eliminate the influence of emicizumab on the
plasma-based assays that measure FVIII activity or FVIII
inhibitor titer [37]. These two anti-emicizumab neutraliz-
ing antibodies were derived from the animals (a mouse and
arat) immunized by ourselves with the respective variable
regions of emicizumab. Using this method, FVIII activ-
ity and FVIII inhibitor titer can be measured even under
emicizumab treatment. Scientifically, chromogenic assays
consisting of bovine coagulation factors can also be used
for determining FVIII activity and FVIII inhibitor titer
under emicizumab treatment, because emicizumab does
not exert its cofactor activity on the bovine FIXa-catalyzed
bovine FX activation.

The difference in sensitivity to APTT and APTT-based
assays between FVIII and emicizumab also raised the issue
of how to establish effective laboratory methods to assess
hemostatic control in emicizumab-treated patients. In the
phase 1 [Part C] and its extension phase 1/2 studies that
included 3 emicizumab-dosing groups, a plasma emici-
zumab concentration-dependent reduction in bleeding
frequency was observed (Fig. 4), while there was no clear
correlation between bleeding onset and either APTT or the
parameters of the thrombin generation assay of a certain
condition [28]. Emicizumab concentration in plasma can
be an effective option of biomarker to predict hemostatic
potential driven by emicizumab. However, it reflects nei-
ther the basic condition of a patient nor the effect of other
drugs if used in combination. In an attempt to measure
the whole coagulation potential of plasma in the presence
of emicizumab, we are examining some methodologies,
including a modified clot waveform analysis [25].

As above, we have described the limitations of APTT
and APTT-based assays in the presence of emicizumab. To
avoid doubt, however, APTT is considered to be effective
for detecting the possible development of anti-emicizumab

neutralizing alloantibodies and for just confirming the
presence of emicizumab in the treated patients. Since
APTT is widely used, how to use APTT for patients treated
with emicizumab should be further explored.

Conclusion

We reviewed the course of the research and clinical devel-
opment of emicizumab, which is a humanized anti-FIXa/
FX bispecific IgG antibody with a FVIIIa-cofactor activity,
and also described the characteristics of the emicizumab
molecule. As described above, emicizumab prophylaxis is
expected to reduce the bleeding frequency in patients and the
burden on them and their families, as well as improve their
quality of life, even when FVIII inhibitors have developed.

The emicizumab molecule is unique and novel. To make
the clinical application of emicizumab more valuable, fur-
ther clinical and non-clinical research is required, including
accumulating clinical experience on using emicizumab in
combination with other drugs and molecular structural anal-
yses to visualize the mechanisms of action of emicizumab.
These attempts will provide good clues to improve both the
efficacy and safety of emicizumab prophylaxis.
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