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Abstract: Hemophilia A (HA) is a common bleeding disorder caused by the deficiency of
factor VIII (FVIII) with an incidence of ~1 in 5000 male births. Replacement of FVIII is nec-
essary to prevent and treat bleeding episodes. However, with multiple new drugs in addition to
old standards, choosing among the different FVIII treatment options is harder than ever. There
are FVIII products that are plasma derived or recombinant, FVIII products designed to extend
the half-life of FVIII, and the first single-chain FVIII product, recombinant factor VIII single
chain (rFVIII-SC). As development of inhibitors to FVIII continues to be a major problem
in the care of HA patients, recent studies showing lower rates of inhibitor development with
plasma-derived FVIIII products versus recombinant FVIII products have made choosing among
the many options now available even more complex. Although still unproven, extended half-life
(EHL) products may provide the hope of decreased immunogenicity but need further testing in
previously untreated patients (PUPs). This review highlights some of the differences between
FVIII products currently available and hopefully assists the clinician to decide which FVIII
product to choose for their patients.
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Introduction

Hemophilia A (HA) is an X-linked bleeding disorder, first reported in medical litera-
ture from the 1800s, in which the deficiency of factor VIII (FVIII) results in problems
with hemostasis.! Before therapy with FVIII infusions became available, hemophilia
patients suffered from prolonged bruising and bleeding with manifestations ranging
from severe and recurrent joint hemorrhages to life-threatening bleeding episodes
and had a decreased life expectancy. HA is defined as mild when endogenous FVIII
levels are >5%, moderate when between 1% and 5%, and severe when <1%. Treatment
for HA with replacement factor first started with the use of fresh frozen plasma in
the 1950s followed by cryoprecipitate in the 1960s. Finally, in the 1970s, lyophilized
FVIII derived from pooled plasma became available and revolutionized treatment for
HA, even allowing home infusion therapy. The HA community then suffered from the
contamination of factor supplies with the HIV in the 1980s. This tragedy stimulated
research and technical advances such as heat inactivation and solvent detergent treat-
ment to generate safer plasma-derived FVIII products. The cloning of the gene for FVIII
in 1984 resulted in recombinant FVIII preparations becoming available in the 1990s.
Currently, the standard of care in developed countries is to offer primary prophylactic
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FVIII infusions to patients with severe HA and has led to
dramatic increase in the quality of life for these patients.>?

Now, a child born with HA is expected to have a normal
lifespan as prophylactic infusions of FVIII permit normal
activity without restrictions albeit with great financial burden
($150000-$300000 per year in the US*). However, due to
the short half-life of FVIII, frequent infusions are required
in order to maintain a trough level >1%. In addition, the
development of inhibitors in 25-30% of HA patients leads
to increased risk for bleeding and the need for expensive
treatment regimens to induce immune tolerance or the use
of bypassing agent treatments to control bleeding episode.
Therefore, the development of factor products with decreased
immunogenicity and longer half-lives is an important unmet
need for the HA community.

Various approaches have been used for increasing the
half-life of recombinant FVIII, which is a glycoprotein that
is normally bound by its chaperone protein, Von Willebrand
factor (VWF), which is also important in achieving hemo-
stasis and influences the half-life of FVIIL>* Once FVIII is
synthesized from the gene located on the X chromosome, it
undergoes post-translational modification such as N-glyco-
sylation and sulfation that are important for protein—protein
interactions. Activation of FVIII is induced by thrombin
and results in proteolysis of FVIII into its active form that is
rapidly inactivated and cleared. The most common methods
of prolonging the half-life of FVIII have been conjugation
of FVIII with larger molecules such as polyethylene glycol
(PEG), albumin, or to the human immunoglobulin Fc. Con-
jugation with albumin takes advantage of the natural half-
life of albumin, whereas PEGylation protects FVIII from
proteolytic enzymes. Fc conjugation takes advantage of the
existence of the neonatal Fc receptor that allows protection
and recirculation of the FVIII via this receptor pathway.>¢
Recently, a novel single-chain recombinant FVIII (Afstyla®)
has been approved by the US Food and Drug Administration
(US FDA) in May 2016. Recombinant factor VIII single
chain (rFVIII-SC) has increased stability and affinity for
VWE, extending its half-life with the possibility of decreased
immunogenicity.” !

Current factors available and
extended half-life (EHL) factor

development

Numerous plasma-derived FVIII products and recombinant
FVIII products are now available (Table 1). First-generation
recombinant FVIII products such as Recombinate® were
generated from the full FVIII gene and contained both human

albumin and animal proteins in the production process. FVIII
gene protein production results in the production of a single
polypeptide that is modified and cleaved to form light and
heavy chains. These light and heavy chains are held together
by a labile metal ion bridge that is required for proper func-
tioning of the protein.? It was found that deleting most of the B
domain of FVIII actually improved secretion from the cell in
the recombinant process,'? and so B-domain-deleted (BDD)
FVIII products such as ReFacto® were developed. Because
of the concern about unknown pathogens, second-generation
factors such as Kogenate® removed human albumin as a
stabilizing agent. Third-generation products, introduced
over the last 5 years, no longer use any animal or human
products in the cell culture or production of FVIII products.
The recent availability of EHL products adds to the choices
of agents available to the HA community (Table 1). With the
many choices now available, it is becoming more difficult
and complicated to determine which FVIII product to use
for which patients. This review focuses on the many new
FVIII products now available to help in choosing between
the different options available.

Currently, most of our patients with HA are offered
prophylactic infusions with third-generation products, with
some patients transitioning to the newer third-generation
or EHL products now available. Because third-generation
products do not use any human or animal proteins in the
production of their products, these are often requested by
the families. Two newly approved third-generation FVIII
products with standard half-life are now available: turoctogog
alfa (Novoeight®) is a BDD FVIII produced in the Chinese
hamster ovary (CHO) cell line and octocog alfa (Kovaltry®)
is a full-length FVIII product that is produced in the baby
hamster kidney (BHK) cell line. Octocog alfa (Kovaltry) is
reportedly improved from its predecessor, rFVIII-FS (Koge-
nate), in the consistency of glycosylation and co-expression
with protein chaperone HSP70 that may enhance the protein
folding of FVIII. Both turoctogog alfa and octocog alfa
showed effectiveness in clinical trials and are expected to
replace the second-generation FVIII products.3!¢ Finally,
simoctogog alfa, human-cl rhFVIII (Nuwiq®), is a fourth-
generation BDD FVIII product made in the human embry-
onic kidney (HEK) cell line. Because it has the full human
post-translational modifications, it has been speculated that
it may also provide decreased immunogenicity.'”!#

EHL FVIII products have brought exciting new options
for the HA community, providing the possibility of fewer
scheduled infusions. Despite the various reported half-lives
found in the product brochures of FVIII products, it is
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Table | Available FVIII products

Generation Products FVIl Technology Half-life* Date of US FDA
approval

Plasma derived Antihemophilic factor  Full length Pooled human plasma  14.8-17.5 hours 1966 (Hemofil M),
(Hemofil M®, Koate- 1974 (Koate-DVI)
DVI®, Monarc-M®,
Monoclate-P®)

Plasma derived/VWF Antihemophilic Full length with VWF Pooled human plasma  12.2-17.9 hours 1978 (Alphanate),

complex factor/VWF complex 1986 (Humate-P),

(Alphanate®, Humate-P®,
Wilate®)

BSA in culture and
human albumin as
stabilizer

Human plasma protein
solution in culture

No human or animal
protein added

Human plasma protein
solution in culture

No human or animal
protein added

14.6 £ 4.9 hours

13.74 hours

12—14.2 hours

14.5 £ 5.3 hours

10.8-12 hours

August 2009 (Wilate)

December 1992

June 2000

July 2003 (Advate),
March 2016 (Kovaltry)

March 2000

February 2008
(Xyntha), October

Recombinant: first Antihemophilic Full length
generation factor recombinant
(Recombinate®)
Recombinant: second  rFVIII-FS (Helixate®, Full length
generation Kogenate®)
Recombinant: third Antihemophilic factor  Full length
generation recombinant (Advate®,
Kovaltry®)
Recombinant: second  Moroctocog alfa BDD
generation (ReFacto®)
Recombinant: third Moroctocog alfa BDD
generation (Xyntha®), Turoctocog
alfa (Novoeight®)
Recombinant: fourth Simoctocog alfa BDD

generation (Nuwiq®)
Recombinant: third- Octocog alfa pegol BDD-PEGylated
generation EHL (Adynovate®)

Recombinant: fourth-  rFVIlI-Fc (Eloctate®) BDD-rFVIlI-Fc

generation EHL
Recombinant: third-

rFVIII-SC (Afstyla®) EHL single chain

generation EHL

2013 (Novoeight)

HEK cells to allow 17.1 + 11.2 hours September 2015

human glycosylation
December 2016

PEGylation to parent 14.69 £ 3.79 hours

drug Advate

HEK cells to allow 19.7 + 2.3 hours June 2014
human glycosylation

No human or animal 14.2 hours May 2016

protein added

Note: *The half-life of the different factors was taken from the product brochures from the manufacturers and differs in how it was determined.

Abbreviations: FVIII, factor VIII; US FDA, US Food and Drug Administration; VWF, Von Willebrand factor; BSA, bovine serum albumin; rFVIIl, recombinant factor VIII;
BDD, B domain deleted; HEK, human embryonic kidney; EHL, extended half-life; PEG, polyethylene glycol; SC, single chain; rFVIII-FS, recombinant FVIII formulated with
sucrose; rFVIII-Fc, antihemophilic factor (recombinant), Fc fusion protein; rFVIII-SC, antihemophilic factor (recombinant), single chain.

commonly understood that the half-life of standard FVIII
products is between 8 and 12 hours with individual variation
seen with different brands. There have been several strategies
for extending FVIII half-life such as attaching a PEG moiety,
albumin, or the Fc fragment of immunoglobulin to the FVIII
protein.*'* PEGylation protects FVIII from proteolytic deg-
radation, while both Fc fragment and albumin conjugation
use the recycling of the endocytosed fusion protein through
the neonatal Fc receptor pathway.® Although both immuno-
globulins and albumin normally have very long half-lives,
these approaches have only resulted in a modest increase in
the half-life of FVIII, likely due to the dependence on VWF
that stabilizes FVIIL> Even with only a modest gain in half-
life, the decrease in the frequency of infusions can signifi-
cantly increase the quality of life for HA patients. Recently,
the US FDA approved both PEGylated FVIII (Adynovate®)
and the Fc—FVIII fusion product (Eloctate®). Clinical stud-
ies thus far showed that rEVIII-Fc fusion product (Eloctate)
has the longest half-life among the EHL products currently

available with a half-life of 19.7 hours in adolescents and
adults, although it decreased to 14.6 in patients 6—12 years
old.??! Interestingly, when the same BDD FVIII gene is
expressed using the HEK cell line allowing for human-like
post-translational modifications, the resultant FVIII protein’s
half-life also appears to be slightly increased. Simoctocog
alfa (Nuwiq) was developed with the hope to generate a
less immunogenic FVIII product by eliminating potentially
immunogenic glycosylation patterns found in non-human cell
lines, and it appears that the humanized post-translational
modifications may have also prolonged the half-life.? Fur-
ther studies, however, are needed to determine if these new
products are indeed less immunogenic in previously untreated
patients (PUPs).

Finally, using recombinant DNA technology, CSL Behring
created a novel recombinant FVIII to modestly extend the
half-life by increasing the affinity of FVIII to VWF, which
stabilizes the protein and prevents it from degradation. Nor-
mally, FVIII is composed of a heavy and a light chain held
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together by a labile metal ion bridge. CSL Behring developed
a BDD recombinant FVIII molecule in which the heavy and
light chains are covalently linked that has a twofold increased
affinity to VWE’? The increased stability provided by the
single-chain covalent bond permits a higher efficiency manu-
facturing of the full-length factor and results in a more stable
protein after reconstitution.”* Moreover, the enhanced affinity
for VWF may accelerate the formation of VWF:FVIII com-
plex that not only increases the half-life but also may result in
decreased immunogenicity by inhibiting endocytosis of FVIII
by dendritic cells.?>? These modifications resulted in a FVIII
molecule with an increased half-life that is comparable to the
PEGylated EHL product (Adynovate).®!%2"2® When FVIII is
normally activated, the heavy and light chains are cleaved
and released from VWE. Because these key thrombin cleav-
age sites in the single-chain FVIII are intact, once activated,
rFVIII-SC becomes structurally identical to FVIIIL.

Preclinical testing in animals confirmed that recombinant
rFVIII-SC had equal potency compared to other full-length
and BDD FVIII products.!' In the AFFINITY clinical trial
program, rFVIII-SC showed excellent hemostatic efficacy
with a median annualized bleeding rate (ABR) of 1.14 that
is comparable to other recently approved factor products.?
For example, rFVIII-Fc (Eloctate) reported a median ABR of
1.6, and simoctocog alfa (Nuwiq) reported a median ABR of
0.9. Furthermore, no participants (previously treated patients
[PTPs] with >150 exposure days to other FVIII products) in
the AFFINITY study developed an inhibitor, and the immu-
nogenicity of rFVIII-SC is currently being studied in PUPs
(#NCT02172950).2

Inhibitor development and
immunogenicity of new EHL FVIII

The most feared complication in the treatment of HA is
the development of neutralizing anti-FVIII antibodies or
“inhibitors” that occur in up to 25-30% of HA patients.?
The development of inhibitors results in the need for new
treatments with bypassing agents and cumbersome and
expensive immune tolerance induction protocols. Why the
immunogenicity of FVIII products is so high is unclear, but
it seems to be a combination of ethnicity, genetic mutation,
and environmental factors.? Also important are the differ-
ences in the post-translational modification patterns of FVIII
— dependent on the cell line used, whether non-mammalian
cell lines (e.g., CHO or BHK) or the human cell line (HEK)
— and the role of VWF in both increasing the half-life of
FVIII and reducing the endocytosis of FVIII by antigen-
presenting cells.’

With regard to ethnicity, Black HA patients have twice
the rates of inhibitor development than White HA patients.
It has been thought that this is due to the differences in
genetic haplotypes of the patient’s FVIII gene versus the
haplotypes that are found in various plasma-derived and
recombinant FVIII products.*® Gunasekera et al*! reported
that African Americans with intron-22 inversion had two- to
threefold higher risk of inhibitor development than White
HA patients with the same inversion. However, recent
studies looking at the inhibitor risk in severe HA patients
and ethnic haplotypes did not find a correlation between
the haplotypes and inhibitor formation.?!*? Thus, whether
inhibitor risk is increased due to ethnic differences in the
FVIII gene compared to commercially available FVIII
products remains unanswered.

Recently, the Research of Determinants of Inhibitor
Development (RODIN) study group reported that second-
generation FVIII products had higher inhibitor rates than
third-generation products. This finding was confirmed by
Calvez et al in their report of a French cohort of HA patients
that also showed higher rates of inhibitor development
(37.5%) with second-generation FVIII products®*** and
an adjusted hazard ratio of 1.58 when they compared the
rates of inhibitor formation between second-generation and
third-generation products. The authors speculated that this
might be related to the cell line used for the production of the
product: BHK cells (second generation) vs CHO cells (third
generation) as the degree of product modifications such as
sulfation and glycosylation differ between the two cell types.**

Another potential benefit of the EHL FVIII products is
the possibility of decreased immunogenicity of these new
factor products. It must be emphasized that this is not yet
proven and requires further studies in PUPs. However, it
has long been demonstrated that conjugation of immuno-
genic peptides to a non-immunogenic protein carrier can
induce tolerance and that immunoglobulin conjugation
was superior to other protein carriers such as albumin.®
Recent case reports using the recombinant FVIII-Fc fusion
protein in immune tolerance induction for HA patients with
inhibitors also support this notion.***” Both Fc and albumin
conjugations can potentially decrease the immunogenicity of
FVIII by what is called antigen shielding, where the fusion
moiety inhibits uptake of the FVIII product by the antigen-
presenting cells needed to generate an immune response.*®
Conjugation of PEG to a molecule not only prolongs the
half-life but also is thought to make it less immunogenic by
inhibiting the binding of protein to endocytic receptors on
antigen-presenting cells.* This strategy has been utilized to
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increase the half-life of multiple drugs now. For example,
it is known that PEGylated asparaginase, which is used for
the treatment of leukemia, causes fewer allergic reactions
than the native asparaginase enzyme.*

With the advent of various EHL FVIII products now
approved or in development utilizing the Fc fusion, albumin
fusion, or PEGylation, further clinical trials are needed to
determine if they also result in decreased immunogenicity.
While animal studies support the notion that these new
products have decreased immunogenicity,*#! clinical stud-
ies with PUPs will be especially important. In addition, the
effects of long-term exposure to a molecule such as PEG in
HA patients still need to be evaluated.

Immunogenicity of plasma-derived
FVIII products versus recombinant
FVIII products

Recently reported results from the clinical trial called
Study on Inhibitors in Plasma-Product Exposed Toddlers
(SIPPET) trial are that plasma-derived FVIII products had
lower rates of inhibitor formation than recombinant FVIII
products in that population, complicating what we thought
we knew was best for the treatment of patients with HA.*
While the use of recombinant FVIII has become the stan-
dard in most US and European clinics, the results of the
SIPPET trial now further confuses the choice of factor that
is best for each patient. What can be the reasons behind the
decreased immunogenicity of plasma-derived FVIII prod-
ucts? One possible answer is that most recombinant FVIII
products are produced using a non-human cell line and con-
tain differences in the post-translational modifications of the
resulting FVIII protein.>* Another potential reason is that
preformed complexes containing VWF result in decreased
immunogenicity, which is supported by animal studies.?
If human glycosylation decreases the immunogenicity of
FVIII, use and studies of the newly approved FVIII products
such as simoctocog alfa (Nuwiq) and rFVIII-Fc (Eloctate)
should help to prove this point, as these are made using HEK
cell line. It should be noted that pharmacokinetic studies
showed that simoctocog alfa (Nuwiq) has increased half-
life compared to Advate®, which is the same recombinant
product made in non-human cell lines.? It is thus tempting
to speculate that human glycosylation pattern increases
the affinity of FVIII to VWE, which not only increases
the half-life but also decreases the immunogenicity of the
FVIILS It should also be mentioned that plasma-derived
FVIII products contain many other proteins as well that
may influence FVIII immunogenicity.

With regard to the SIPPET trial, the medical and scientific
advisory council (MASAC) of the National Hemophilia Foun-
dation has highlighted the fact that the SIPPET trial differed
from previous prospective studies comparing plasma-derived
FVIII to recombinant FVIII such as RODIN and the European
Pediatric Network trial (PedNet), which found no significant
differences.** Because the ethnicities in the SIPPET trial
(mostly from Egypt, India, and Iran) differed significantly
from the ethnicities of the patients in the other studies, they
concluded that the results may not be applicable to the US
HA community that are mostly Caucasian. In addition, they
pointed out that in the US, majority of patients receive prophy-
lactic infusions and that third-generation products are in use
that differed from the study population. They recommended
that the SIPPET study results may not be applicable to the
US population and that the risk of inhibitor development must
be weighed against the potential infectious risk of emerging
viruses, which has not been tested with the current manufac-
turing processes.*

Incorporating the EHL FVIII

products into clinical practice
Based on in vitro and animal studies done thus far, EHL
FVIII products may also have a potential benefit of decreased
immunogenicity and inhibitor development in addition to
prolonged half-life and are very attractive to implement into
clinical practice.*® However, it is worth noting that individual-
ized dosing must be done using observed pharmacokinetic
values, as the half-life of each product can differ between
patients, and in individual cases, the use of EHL FVIII
products may not prolong the half-life enough to justify the
increased cost of these new factors. For example, despite the
longest half-life advertised of any of the factors available, the
actual half-life is much shorter in younger patients, and we
have been unable to go to less than thrice-weekly infusions of
rFVIII-Fc (Eloctate) in order to maintain a trough level >1%.
Nevertheless, it is exciting to have so many options in coming
up with individualized treatment programs for HA patients.
So, what is the best approach to incorporate these new
FVIII products into clinical practice? It has been suggested
that the EHL products may be helpful in patients who have
decreased compliance since these may decrease the frequency
of infusions. In addition, in a patient who is having break-
through bleeding with an already aggressive prophylactic
regimen, it is reasonable to try an EHL product in an attempt
to decrease breakthrough bleeds.* Although there have been
concerns about potential inhibitor development in switching
FVIII products, there is little evidence that inhibitor rates
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Table 2 FVIIl products in development

Generation Products Fvil Technology Half-life (h)
Recombinant: third-generation EHL ~ BAY94-9027  BDD-PEGylated Site-specific addition of PEG side chain 13.7-28.1
Recombinant: third-generation EHL ~ N8-GP BD-modified glycoPEGylated =~ GlycoPEGylated addition to FVIII 18.4-19.04
Novel bispecific antibody Emicizumab None Bispecific antibody with FVIll-mimetic function Weeks

Abbreviations: FVIII, factor VIII; EHL, extended half-life; BDD, B domain deleted; PEG, polyethylene glycol.

increase with switching FVIII products. However, immu-
nologically, recombinant products do have varying levels of
post-translational protein modifications due to production
in different cell lines that may provide potential epitopes for
immune reaction.*® Therefore, further studies are needed to
verify whether these new EHL products indeed decrease
immunogenicity. Unfortunately, it is likely that new clinical
studies in PUPs will be underpowered to detect a difference
in immunogenicity and will make it difficult to have convinc-
ing scientific basis to declare the least immunogenic product.
For PTPs, although it may make sense to switch to a product
that is generated in the same cell line so that glycosylation
patterns remain the same, the overwhelming evidence from
clinical studies shows that PTPs hardly ever develop an
inhibitor after a FVIII product switch.

Conclusion

Treatment options for HA have never been better with the
approval of several new recombinant FVIII products and the
new EHL FVIII products that are now even safer and may
offer the potential of decreased immunogenicity and longer
half-lives. Additional factor products that are still in devel-
opment (Table 2) will add to the choices that we will have
in the treatment of HA patients.*!° However, there remains
much work to be done in terms of satisfying the unmet needs
for HA patients. The rate of inhibitor development is still the
scourge of HA treatment, and improvements are needed to
minimize the development of inhibitors while optimizing
immune tolerance induction protocols. Novel products cur-
rently in development continue to offer exciting possibilities.
New products such as rFVIII-VWF-XTEN in animal studies
allow subcutaneous dosing with fourfold increase in half-life,
and the development of a humanized bispecific antibody
that provides FVIII-mimetic function provides exciting new
possibilities in the treatment of HA.>#>4¢ Perhaps, with the
introduction of many new EHL products to the market, the
cost of FVIII infusions will decrease enough to allow more
children in developing countries to receive prophylactic
therapy. Moreover, the recent success with gene therapy tri-
als for factor IX deficiency provides hope that we will soon
overcome the obstacles in developing an engineered gene
therapy construct for FVIII that will result in a cure.*’
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