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A major complication in treating hemophilia A is the development of neutralizing antibodies (inhibitors) against
therapeutic administered factor VIII (FVIII), which occurs in approximately 20-30% of patients with severe
disease. These inhibitors render FVIII replacement therapy ineffective and increase the morbidity and mortality
risk. The currently accepted method to eradicate inhibitors is immune tolerance induction (ITI), and frequent
intensive administration of FVIII until inhibitor titers drop. Current ITI protocols are extremely costly and not
effective in all patients. During the last decade, many types of research have been accomplished to clarify the
mechanisms that mediate immune tolerance induction. Novel experimental therapies including monoclonal
antibodies, viral vector-mediated gene therapy, regulatory T cell induction using immunosuppressive drugs, and
nanoparticle-based immune modulation show promising results in hemophilia A clinical trials. This review
focuses on treatment options towards the anti-FVIII immune responses and current novel therapies in clinical
trials.
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H emophilia A is an X-linked disorder which is
associated with recurrent bleeding in affected
patients. The prevalence of hemophilia A is 1:5000
of live male birth without any genetic predispo-
sition (1). This life-threatening disorder is caused
by a functional defect in plasma coagulation factor
VIl (FVI) in human. For many years,
administration of this protein as a plasma or
recombinant product has been used as a treatment
for hemophilia (2, 3).

Alternative transfused FVIII has been a
practical treatment; however, developing antibodies
against this protein, which play a role as inhibitors,

has restricted its application. Inhibitor development
predominantly occurs in approximately 30% of all
patients with severe hemophilia A and 5% of all
patients with mild hemophilia A (4). A series of
both genetic and non-genetic factors are involved in
FVIII inhibitor development. Mutations at specific
regions of F8 gene (hot spots, heavy chain coding
regions) are associated with delayed or absent pro-
coagulant activity. Patients with large deletions and
non-sense mutations should lack tolerance to all of
the epitopes in FVIII, and patients carrying small
deletions/insertions and missense mutations are
associated with mild or moderately severe
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hemophilia A. Findings from a series of studies
showed a significant association between the HLA
class Il molecules and inhibitors development.
However, the strength of this association depends
on the genetic background of different populations
(5). For instance, Hosseini et al. found a strong
association between HLA-DRB1*01:01 allele and a
lower risk of developing inhibitor in lran (6).
Actually, due to the development of these inhibitor
antibodies in responder patients, the FVIII
replacement therapy is not an efficient and cost-
effective treatment (7). Consequently, ineffective
treatment may lead to worsening of the situation
through bleeding and consequent high morbidity
rate increases disability and decreases quality of
life (8).

Given the significant burden of inhibitors on
both patient's health and health-care costs, many
efforts have been made to prevent anti-FVIII
antibodies. Immune tolerance induction (ITI) is the
most successful approach which consists of
intensive high dose FVIII treatment (9-11).

Although ITI has been effective in 60-80% of
the patients, and is known as a preventive treatment
for complications  following the inhibitor
development, it is extremely expensive and it often
takes several years in to achieve an effective
tolerance (12, 13). Accordingly, there is still a
compelling need for cost-effective treatment with
the rapid and productive clinical results in inducing
tolerance against FVIII. (14).

In this review, we discuss the characteristics
of factor FVIII structure, and the pathophysiology
of inhibitor formation. In addition, several novel
approaches to modulate the immune response and
induce tolerance are described.

Factor V111 structure and function

FVIII is a non-covalent heterodimer protein,
which is encoded by the F8 gene. The immature
FVIII protein consists of 2351 amino acids (aa)
comprising a mature protein of 2332 aa and a signal
protein of 19 aa. As Figure 1 shows, this multi-
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domain protein comprises a heavy chain (A1-A2-B
domains) and a light chain (A3-C1-C2 domains)
(15).

FVIII  endures several post-translational
modifications, including a high glycosylation
process before becoming ready to circulate as a
prepared glycoprotein. The heterodimer FVIII a
high affinity (kd~0.3 nM) for von Willebrand factor
(VWF), which is a chaperone molecule acting
through the blood circulation (16).

The VWF-FVIII complex is formed through
non-covalent interactions between A3, C1 and C2
domains of FVIII and the D’D3 domains of VWF.
Actually, VWF is essential for the maintenance of
the heterodimer structural stability of FVIII, and
increases the stability of the interaction between the
FVIII heavy and light chains and also increases the
FVIII half-life. In addition, the interaction of VWF
with FVIII is beneficial for primary hemostasis, so
it increases FVIII involvement in vascular injury.

Activated FVII (FVIlla) is released from
VWEF following proteolytic cleavage and release of
the B-domain. (17, 18). The formation of FVIlla is
crucial for the coagulation cascade due to the
important role of FVIlla as a cofactor for factor 1Xa
protein. In fact, intrinsic Xase complex, which is
essential for thrombin formation is normally
generated as a result of the factor 1Xa function with
the aid of its cofactor, FVIlla. Endogenous FVIII
has a half-life of 12-16 h, after which FVIII is
eliminated by the liver and probably also by the
spleen. Of note, the life cycle of therapeutically
administered FVIII is similar to endogenous FVIII.
However, the interaction between endogenous
VWF and FVIII normally takes place in the
circulation instead of the liver (19, 20).

Molecular and clinical aspects of inhibitor
formation
Definition of an inhibitor

The immune system in responder patients
produces polyclonal high-affinity 1gG antibodies
against FVIII which are known as FVIII inhibitors.
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This is a T cell-dependent immune response in
which associated innate and adaptive immune cells,
including antigen-presenting cells (APCs), B and T-
helper lymphocytes are involved (21).

Although FVIII protein contains many
functional epitopes which can potentially interact
with specific inhibitors, antibodies targeting the A2
and/or C2 domains of FVIII are the most frequent
(22).

Recognition of the above-mentioned epitopes
by antibody gives rise to the blockade in functional
domains of the FVIII protein, which are normally
used to interact with FIX, phospholipid and VWF
factor interaction sites (23). Different targets of
FVI1II epitope can be recognized by the inhibitors at
the same time, and these epitope targets can change

A

over time (24). In addition, some anti-FVIII
antibodies have the ability to play a role as a
hydrolytic enzyme and inactivate the FV1II (25).
According to the Kkinetics and severity of
inhibitory functions, anti-FVIII antibodies have
been classified to two groups, including type | and
II. Type | inhibitors are able to thoroughly
inactivate  FVIII based on their second-order
kinetics (dose-dependent linear inhibition). They
are more common in patients with severe
hemophilia. Conversely, type Il inhibitors, due to
their complex Kinetics, inactivate FVIII in an
incomplete way, and are commonly developed in
patients with mild hemophilia or who develop
acquired FVI1II inhibitor (26).
Immune response to FVI11

NH2

Heavy chain

Light chain

Fig. 1. Factor VIII structure and domain organization. A: linear arrangement as well as activation cleavage sites of the FVIIlI domains
Al, A2, B, A3, C1, C2 are shown; B: three dimensional crystal structure of B-domain depleted human factor VIl was created using RCSB
PDB viewer.
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Recently, many review studies have discussed
several aspects of the immune response against
FVIIl which can be the result of considerable
advances in this area (27, 28). FVIII proteins, at the
first encounter with the immune system, are
predominantly recognized and captured by
professional antigen presenting cells (APCs)
including dendritic cells (DCs), macrophages, and
B cells. Following internalization of FVIII in to
APCs, it undergoes proteolytic cleavage in the
endosomal compartments.  Afterwards, small
peptides derived from a large FVIII protein are
presented on the surface of APC through major
histocompatibility complex (MHC) class II. The
MHCII-peptide complex is then recognized by
naive T cells present in the lymph nodes (29). To
effectively respond to the FVIII peptides, naive T
cells should be differentiated into specialized
effector CD4" T cells. In addition to the MHCII-
peptide complex, there are several co-stimulatory
molecules engaged in the effector T cell
development. CD40 and CD80/86 (B7-1/B7-2)
molecules on the surface of APCs come into a
strong interaction with CD40 ligand (CD40L) and
CD28 on the surface of naive helper T cells (CD4"),
resulting in the secretion of cytokines by both DCs
and T cells (30) Interestingly, when human DCs are
cultured with FVIII, DCs do not mature (31). The
cause of this difference in in vitro and in vivo
immune system recognition of FVIII is unclear, but
probably the environmental differences, including
danger signals resulting from trauma, surgery,
severe/recurrent bleeds, infection or vaccination
may influence the risk of immune reaction towards
administered FVIII in hemophilia A patients (32,
33). The physical characteristics of the FVIII
antigen, such as post-translational modifications or
physical aggregation in high administered doses,
may have a significant effect on its immunogenicity
(34). Differences in the intrinsic or extrinsic
property of the antigen, could affect the immune
response against administered FVIII. This may be

Khalilian SH et al.

due to glycosylation patterns depending on their
cell expression system and covalent modifications
to increase the circulating half-life of the protein
(Fc fusion, PEGylation etc.) (35, 36).

As both humoral and cellular arms of the
immune system are involved in an effective
immune response, T cell activation gives rise to B
cell differentiation, proliferation, and class
switching. As a consequence, B cell activation
results in producing large amounts of FVIII
antibodies that block the FVIII function. Moreover,
memory B cells and specialized plasma cells are
also ready to intensify the battle (22). During the
secondary immune response, T cell and B cell
activities are intensified, and higher amounts of
specific antibodies which have already undergone
the affinity maturation process are produced from
plasma cells (Figure 2). Most of indentified
antibodies against FVIII epitopes in hemophilia
patients are immunoglobulin G which IgG1 and
IgG4 are the most prevalent subclasses. 1gG4
production needs a further class switching process
that proves the involvement of T cells in the
formation of an effective immune response against
FVIII (37).

As it has been shown in murine hemophilia
models, the presence of co-stimulatory interactions
and signals is very important to form a protective
immune response. Actually, the lack of a functional
co-stimulatory signal gives rise to anergy or
apoptosis of the T cells. A defective immunologic
synapse in the absence of co-stimulatory
interactions produces tolerogenic T cells that do not
react with the antigens presented by the APCs
(38, 39).

Immune tolerance induction

ITI is the most prevalent method exploited to
prevent complications related to FVIII infusion
(11, 40). As mentioned before, frequent exposure
of the immune cells to FVIII antigens in a non-
inflammatory environment can lead the immune
system response toward anergy and tolerance How-.
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Fig. 2. Primary and secondary immunization in response to FVIII. A: primary response; upon the first exposure to FVI1II, this protein is
internalized by DCs or other APCs; then the protein is presented to naive CD4" T cells which results in its activation in the presence of co-
stimulatory signals. The activated T cell activates naive B cells that expand and differentiate into FVIII plasma cells, secreting anti-FV1II

IgM antibodies, or FVIII memory B cells. B: Secondary response; in this type of immunization, FVIII memory B cells act as APCs and
activate memory T cells, and then memory B cells will differentiate into FVIII plasma cells that secrete anti-FVIII 1gG antibodies. DC:
dendritic cell; APC: antigen presenting cell; MHC: major histocompatibility complex; TCR: T-cell receptor; CD40L: CD40 ligand.

-ever, the mechanism of this tolerance induction is
not completely understood. Through the ITI
method, regular administration of FVIII makes the
immune cells to ignore FVIII antigens and develop
a tolerogenic response against it (41). To reach the
most practical 1Tl treatment, many different
regimens such as encompassing protocols with
variations in FVIII dose and using additional
immunosuppressive agents have been tested. From
all of them, Bonn, Van Creveld, and Malmé ITI
protocols are mostly accepted and used, and
underwent various modifications. It has been shown
that the immune modulation effectively increases
the result of the treatment (42).

Elucidating the mechanisms leading to
functional immune tolerance and specific reduction
or elimination of inhibitor responses are the
common destinations of all investigations on ITI

therapy to develop a promising treatment (43).
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However, due to the high cost, moderate success
rate, long duration and inconvenience of daily
infusions, ITI therapy is not a method to be used
extensively. In order to bring better results, all of
these complications highlight the need for further
modifications (44).
There are three mechanisms which all
contribute in inducing immune tolerance:
1. Development of monoclonal antibodies (mAbs)
as the specific immuno-suppressant
2. Anergy of effector T-cells due to the induction of
Tregs using chronic exposition of FVIII
3. Inhibition of memory B cells differentiation into
plasma cells using high FVIII concentrations
Development of monoclonal antibodies (mAbs)
A recent investigation has shown that mAbs
can be used as specific immunosuppressive agents
that appear to be both more effective and more
selective in facilitating immune tolerance induction,
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and they are generally well tolerated by recipients.
Actually, these immunosuppressive agents pointing
at specific targets have less toxicity in comparison
with the immunosuppressive agents that target
many aspects of the immune system. Hence, they
have considerably lower side effects, and can be
better tolerated by the recipients. There have been
many studies on FVIII knockout mice using mAbs
affecting a myriad of immunological pathways. The
outcome has shown successful tolerance induction,
especially when co-administered with antigen (45-
47). Several investigations have displayed that
blockade of co-stimulatory molecules’ responses,
including CD40/CD40L and B7/CD28 can
effectively diminish the inhibitor development in
hemophilia A mice models. It has been shown that
mAbs against CD40L prevented anti-FVIII
antibodies induction, with suppression of FVIII
specific  T-cell responses in  FVIII-primed
hemophilia A mice (48, 49). In addition, blockade
of B7/CD28 using specific antibodies against
CTLA4 (CTLAA4-lg) effectively obstruct the
inhibitor development in a mouse model of
hemophilia A (50).

Another study on FVIll-plasmid treated
hemophilia A mice revealed that dual blockade of
CD40/CD40L and B7/CD28 pathways using
combined anti-CD40L and CTLA4-lg obstruct both
associated co-stimulatory signals in a synergic
manner, and effective long-term tolerance was
obtained against FVIII (51, 52).

T cell anergy and Treg induction

In addition to co-stimulatory molecules, mAbs
targeting pan T cell markers, especially CD3 have
been shown to effectively increase T cell apoptosis.
Apparently, T cell depletion decreases the cellular
immune response against the antigen of interest
(53).

As a study on hemophilia A mice revealed,
that anti-CD3 treatment, concomitant with FVIII-
plasmid injection prevent inhibitory antibodies and
persistent FVIII expression levels was achieved.
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The mechanism involved in this process is
increasing immunomodulatory cytokine TGF- f
that is a key factor in decreasing cellular immune
recognition of FVIII antigen. Consequently, a long-
term tolerance was formed against FVIII, and the
inhibitor development was controlled. Besides,
administration of anti-CD3 alone diminished pre-
existing antibodies against FVIII (54).

Regulatory CD4°CD25" T cells play a
prominent role in homeostasis of T cells. Actually,
they balance the cellular immune response by
suppressing effector T cells after a protective
immune response against an antigen. T cell
hemostasis through Treg activity is very important
to protect the body against complications followed
by an uncontrolled immune response including
autoimmunity or alloimmune responses. This
characteristic of regulatory T cells has been
exploited to induce a long-term immunomodulatory
response against FVIII (55). In fact, a higher
number or percentage of CD4"FOXP3" Tregs in
both protein replacement and/or gene therapy
settings are used to control inhibitor formation even
in patients with a measurable pre-existing inhibitor
titer (56, 57). These regulatory cells have been
shown to effectively restrict both cellular and
humoral immunity through suppressing cytotoxic
CD8" T cell activity and antibody production by B
cells in mice and non-human primates, respectively
(58, 59). In addition, Fas/FasL interaction and T
cell depletion were also studied in Fas-deficient
mice to highlight the importance of Treg activity in
the formation of a robust immune tolerance (60).

Regulatory T cells use different mechanisms
to prevent differentiation of T cells into effector
cells and promote their conversion into Tregs. They
can either directly contact the target cells or
indirectly reduce their  activity by producing
immunomodulatory elements comprising 1L-10
and/or TGF-B cytokines (61). It has been shown
that using antigen together with the mTOR inhibitor
Rapamycin can effectively reduce the effector T
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cells and increase the regulatory lymphocytes
instead (Figure 3-A) (62).

IL-2/IL-2 mAb complexes are a good
alternative method to enrich Treg in vivo and rapid
formation of CD4'CD25'FOXP3" Tregs. These
Tregs are highly effective as a pre-treatment for
preventing autoimmunity or transplant rejection due
to their strong suppressive activity (63). IL-2/IL-2
mAb complexes were also used in a hemophilia A
mice models and caused a considerable reduction in
FVIII inhibitor titer to either FVIII replacement
therapy or plasmid-mediated gene therapy. It has
been proven that these Tregs induce a lasting

tolerance against FVIII protein, which was
generally due to their ability to convert from FVIII-
specific CD4" CD25 ~conventional T cells into
Tregs, in the presence of TGF-B1 (64, 65).
Therefore, producing a higher number of
regulatory T cells with specificity to FVIII through
redirecting antigen-specificity through TCR or
chimeric antigen receptor (CAR) gene transfer to
Treg is extensively attractive (Figure 3-B). The
investigations showed that the expression of a
single human TCR, using ex vivo retroviral gene
transfer, can negatively affect CD4™ T cell

and B cell activity, and also suppress hemophilia A

B
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Fig. 3. Significant approaches for inducing tolerance and eliminating inhibitor formation in hemophilia A. A: selective deletion of
CD4* T-helper cells and Tregs induction occur upon administration of Rapamycin as an immuno-suppressant; B: CAR Tregs are engineered
using fusion of TCR signaling molecules and scFV domains. CAR Tregs become activated through recognition of FVIII presented by DCs.

These pathways result in CD4" T cells suppression and APC toleration; C: hepatic lentiviral gene transfer is known as a way for tolerance
induction which results in programmed cell death of CD4* T-helper cells and the Treg induction. CAR: chimeric antigen receptor; scFV:
single-chain variable fragment; Treg: regulatory T cell.
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mice expressing human HLA (66). Actually, the
induced regulatory T cells predominantly react
against only a single epitope. However, this
recognition can lead to a general suppression
against the FVIII molecule entirely. Due to highly
extensive HLA differences, the production of Treg
against every single immuno-dominant epitope in
FVIII protein requires many TCR clones. Hence,
the CAR approach came to streamline general Treg
production, which can be used for all patients as it
is not MHC restricted, and consequently antigen
recognition and cell signaling by CAR Tregs
happens in the absence of APCs (67, 68). CAR T
cells are predominantly produced through
introducing antigen recognition variable region
(single-chain variable fragment) antibody domains
fused to primary and co-stimulatory signaling
molecules and specialized to recognize surface
antigens (69, 70). However, studies have
demonstrated that experimentally produced FVIII-
specific human CAR Tregs can provoke a
suppressive response against soluble FVIII and
decrease the inhibitor development both in vitro
and in vivo in hemophilia A mice (71). However,
the exact mechanism is not completely understood.
In fact, using immunotherapy methods with the aid
of genetically engineered CAR T cells in leukemia
patients broaden the scientists’ perspectives about
possible options of exploiting FVIII-specific CAR
Tregs to induce immuno-suppression in hemophilia
A patients (72, 73). The presence of APCs is
essential for in vitro suppression, highlighting the
importance of cell surface interactions. A
controversial question regarding this issue is
whether engineered CAR Treg can suppress B cells
directly or not. It is important to consider in vivo
stability, durability of suppression and safety prior
to translation of the approach.
B cell depletion therapy

In addition to T cell depletion, B cells have
also been targeted due to their prominent role in
producing inhibitor antibodies (74). Anti-CD20
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(Rituximab) is a monoclonal 1gG1l which is
extensively used as immunomodulatory agent. This
antibody can react with CD20 markers on the
surface of follicular and marginal zone B cells, and
deplete them via apoptosis. Hence, using a single
dose of this immunomodulatory antibody followed
by daily high-dose FVIII intravenous injections in
FVIII primed-mice showed a significant reduction
in the inhibitors. On the other hand, using
Rituximab could affect T cells, so that increased
levels of regulatory T cells were observed in the
spleen after pretreatment with anti-CD20. It is
worthy to note that decreased levels of B cell
immune response against FVIII lasted for three
months after Rituximab administration (75).

A dual therapy through which both T and B
cells are targeted have been shown to bring a
promising  treatment to  control inhibitor
development in  hemophilia A  patients.
Accordingly, Biswas et al. demonstrated that a
combination of murine anti-CD20 1gG2a antibody
and Rapamycin effectively decrease both humoral
and cellular immune responses against FVIII, and
resulted in decreased FVIII inhibitor formation in
mice (76). The major side effect of both T and B
cells depletion is the risk of severe infections,
which needs to be taken into consideration when
evaluating the risks and benefits of this therapy.
Therefore, in the meantime, some degree of
humoral immunity can be retained in patients by the
administration of intravenous immunoglobulin
(IVIG) (76).

New mechanistic insights in inducing immun-
ologic tolerance
Hepatic gene therapy

Blocking elements for  co-stimulatory
molecules and inducing transient
immunosuppression are not the only approaches
used to solve the inhibitor problem. Administration
of wviral expression vectors which convey
hydrodynamic naked DNA can also be used as a
good strategy to form a tolerogenic environment in
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order to hamper the inhibitor formation. This
approach often causes rapid, but often evanescent
production of functional clotting factors. However,
vectors and transgenes are still non-self to the
immune system, and provoke a protective immune
response, especially in the type of innate immunity
(55, 61, 77).

In order to treat hemophilia B, in vivo gene
transfer to the liver was successfully performed
using adeno-associated virus (AAV) vector, which
is a genomic DNA covered by a protein capsid (78).
As the result was successful, several liver-directed
AAV vectors have been performed to find a
practical treatment for hemophilia A (79). AAV
vectors can be found as single-stranded DNA or
self-complementary DNA genome, which are
usually obtained from non-pathogenic parvoviruses
(80). As these vectors do not contain viral coding
sequences, they can efficiently convey genomic
information in the form of DNA in vivo. It is
important to know that the vector capacity is
restricted (~5kb) so; unessential parts of the
interested gene should be omitted (81). As the B
domain of FVIII does not affect the proper activity
of FVIII, B domain-deleted FVIII (BDD-FVIII) is
usually packaged in the vector and also used in
recombinant FVII1 products (82, 83).

To minimize the detrimental adaptive immune
reactions, it is an effective way to use tissue-
specific promoters. As these promoters usually
decrease the presentation of transgenic elements in
the target tissue and by APCs, they can strikingly
diminish the unwanted activation of the immune
system along with keeping their effective gene
expression. Accordingly, there are superb options to
be used in vectors for gene therapy (84-86). Liver
sinusoidal  endothelial ~cells (LSECs) are
predominantly responsible of FVIII secretion into
circulation, and it makes the liver to be considered
as a key target for gene therapy in patients suffering
from hemophilia A (87, 88). Due to the ideal
characteristics of liver for the induction of immune
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tolerance, including lower innate immune response,
inflammatory environment, and professional APCs
formation in the liver, hepatic gene transfer is an
appropriate destination for different types of AAV
vectors with the lowest danger of protective
immune reactions (Figure3-C) (89-91).The large
capacity of lentiviral vectors (LV) in gene transfer,
and high potential of liver-directed gene transfer in
the formation of an effective immune tolerance has
proven this approach as a practical option to treat
hemophilia A patients through gene therapy. The
innate immune system can effectively recognize LV
through toll like receptor 7 and 9, and innate pro-
inflammatory  cytokines, especially type |
interferon, are produced following this recognition.
In addition, a myriad of APCs capture and present
LV antigens on their surfaces, which recruits
adaptive immune responses through T cell
activation and antibody production against the
transgene product (92, 93).

It is noteworthy that specific microRNA
(miRNA) sequences should be established in gene
transfer expression cassettes due to the different
possible profiles of mMiRNAs expression in various
tissues. Actually, specific miRNA sequences (miR-
142-3p) along with tissue-specific promoters
considerably decreases the number of APCs with
transgene expression on their surface (94, 95).
Despite the fact that transcriptional and post-
translational engineering of the LV can result in
lower hepatocytes expression of transgenic
products, exploiting tissue-specific promoters with
specific miRNAs has demonstrated an effective
hemophilia A and B phenotype development, and
increased tolerance induction during treatment
(96, 97).

Recently, Merlin et al. has tried to restrict the
expression of transgenic FVIII products to certain
cell types including LSECs and myeloid cells. To
achieve transgene expression only in certain cell
types, cell-specific promoters such as endothelial-
specific promoter cadherin 5 type I, also known as
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vascular endothelial cadherin (VEC) were widely
used as the cell-specific promoters in a lentiviral
vector (LV)-mediated gene therapy through which
the immune response was restrained in a mouse
model. In addition, miRT-142.3p and miRT-122
were also used as selective mMiRNA target
sequences (MiRTs) to improve specificity and
achieve a silent expression of FVIII by interested
cells comprising hematopoietic cells, endothelial
cells, and hepatocytes (98). Moreover, the results of
their studies on LV construct containing the
myeloid-specific  CD11b  promoter,  which
recognizes miR-126, a miRNA that s
predominantly observed in endothelial cells and
plasmacytoid dendritic cells (pDCs), showed that
this specific promoter restricts the expression of
transgenes to the macrophages and conventional
dendritic cells (cDCs) in the liver and spleen. Mice
that received the vector intravenously showed only
5-6% of FVIII normal activity. This amount of
activity lasted up to 1 year after vector delivery.
Although the FVIII normal activity was not
considerably high in injected mice, lack of antibody
formation even following recombinant human
FVIII use was promising (99). Therefore,
expression at the physiologic site of synthesis
(liver) can enhance efficacy and safety, and may
help overcome the anti-FVIII immune response
problem, resulting in long-term correction of
hemophilia A.
Oral tolerance induction

Most of the food antigens usually do not
provoke the immune reaction, and induce immune
tolerance (100, 101). Hence, target antigens can be
administered orally to promote tolerogenic immune
response and be safe from immune recognition as
dangerous agents. This approach omits the risk of
genetic manipulation for the host and is free from
an extensive use of immunosuppressive drugs or
expensive  cell  therapies.  The  systemic
immunological  unresponsiveness or  hypo-
responsiveness resulted from oral administration of
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an antigen have been studied for over 50 years, and
the promising outcomes showed immune anergy
against several food allergens in human (79, 102,
103). In addition, this approach has been shown to
be effective in decreasing autoimmune reactions in
several autoimmune disorders such as experimental
autoimmune encephalomyelitis, diabetes, and
rheumatoid arthritis in animal models (104-106).

This also applied to induce a desirable
tolerance in hemophilia A patient. A study on
mucosal tolerance performed by Rawle et al.
demonstrated that oral or nasal administration of the
immunogenic FVIII C2 domain (FVIII-C2) in mice
is able to relatively induce tolerance against this
part even after encountering full-length FVIII
(107).

In spite of the partial success in inducing
tolerance, there was still the lack of a cost-effective
technology to produce high amounts of FVIII
antigens, and protect it against digestive enzymes in
the stomach, which guaranteed proper delivery of
the administered antigen to the immune system
agents in the gut. Recent achievements in producing
genetically engineered plants have helped to
achieve human therapeutic proteins,
biopharmaceuticals, and edible vaccines by using
the chloroplast of crop plants (108, 109).

Furthermore, previous study showed that
administration of frozen tobacco leaves in which C2
domain or the heavy chain of human BDD-FVIII
were expressed. The result indicated a considerable
reduction in inhibitor formation within two
different strains of hemophilia A mice. Biological
encapsulated antigens were orally administered
twice per week and one month before starting
traditional replacement therapy. It was shown that
not only the allergic reactions against FIX in
hemophilia B mice were abolished, but also pre-
existing FVIII inhibitors increasingly were
diminished in hemophilia A mice after using this
method (110-112).

In fact, chloroplast genomic tools were developed
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in order to determine the ribosomal locations which
give rise to optimization of codon usage (109, 113).
The major advantage of this application is that
genetically engineered plants can express proteins
which contain the antigen of interest, and in large
amounts with a low price. This results in achieving
therapeutic proteins potentially able to induce
tolerance in oral administration (114).
Future perspectives in tolerogenic strategies for
hemophilia A treatment

Different aspects of the inhibitor development
in hemophilia A, and whether they might be

controlled are coming into focus. All developments
in this area can lead to unleashing new approaches
to practically treat or prevent hemophilia A
complications.

One of the promising strategies for the
treatment of genetic disorders in utero is maternal
antigen transfer through which the antigen of
interest is expressed to the immature immune
system of the fetus, and antigen-specific tolerance
may happen in the absence of pre-existing
antibodies with high probability (115). It was
shown that hemophilia A mice, which were intrave-

Table 1. Tolerance inducing protocols.
Tolerance protocol

Mechanism of action

Outcomes References

Blockade of co-stimulatory

pathways
CTLA4-immunoglobulin Blockade of the B7/CD28 Prevention of the inhibitor 50
(CTLA4-1g) interaction formation in hemophilia A
mice
CTLA4-1g + anti-CD40L Dual blockade of CD40/ Long-term tolerance to FVIII (51, 52)

CD40L and B7/

pathways

CD28 induction in

F8-plasmid
treated hemophilia A mice

T-cell depletion

FVIII plasmid + Anti-CD3 Transforming growth factor-B  Long-term tolerance to FVIII (54)
levels and the generation of
adaptive FVIII-specific Tregs
Treg induction
IL-2/IL-2 mAb complexes Rapid expansion of Suppression  of  inhibitor (63-65)
CD4'CD25'FOXP3"* Treg formation to either FVIII
replacement therapy or
plasmid-mediated gene
therapy of FVIII
Chimeric antigen receptor FVIII-specific suppression by Suppression of the antibody (66)
(CAR) gene transfer FOXP3* Treg formation in vitro and in vivo
in hemophilia A mice
B-cell depletion
Anti-CD20 (Rituximab) Depletion of the follicular B Remaining of the FVIII- (75)
cells and increasing the specific hypo responsive state
regulatory T cells in the spleen
Gene therapy
Lentiviral vector -mediated Restricting the expression of Exhibition of an average of 5— (98)
gene  therapy  included FVIII transgene to liver 6% of normal FVIII activity,
miRNA target sequences sinusoidal endothelial cells which is stable for up to 1 year
(miRTs) and myeloid cells after vector delivery
Oral tolerance induction
Lettuce encapsulated clotting Bioencapsulation and Acceleration of the decline of (109)

factor

targeting of antigen to
immune system, induction of
Tregs

pre-existing FVIII inhibitors in
hemophilia A mice
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-nously injected by Fc fusions of FVIII A2 and C2
domains could successfully transfer the antigen to
their fetus via the neonatal Fc receptor. Besides,
after repeated administrations, an effective immune
tolerance was also observed in the offspring of
injected females in comparison with those that their
mother hadnot been receiving antigen before (116,
117). These new achievements in maternal antigen
transfer broaden our perspective about other
strategies to develop antigen-specific regulatory T
cells obtained from thymus or periphery. Although
it would be a good strategy, a large number of
antigens will be needed to achieve successful
antigen transfer to a fetus that limits its application.
In replacement therapy, development of Fc-
conjugated FVIII has taken many efforts to produce
more efficient FVIII with a greater half-life (118).
Due to the importance of these molecules in the
development of the immune tolerance, many
attempts have focused on tolerogenic properties of
Fc sequences (118). In the era of novel therapies,
such as Emicizumab, a humanized monoclonal
bispecific antibody that mimics the role of FVIII in
the coagulation cascade and promotes thrombin
generation, the management of hemophilia A
patients who experience anaphylaxis to replacement
therapy is becoming easier and may obviate the
need for ITI.

During the last decade, a nanoparticle
approach has been developed to provide an
alternative to engineer cellular therapies for
tolerance; these kinds of nanoparticles have also
been wused for drug delivery and vaccine
development (119). Such nanoparticles can contain
drugs, and are delivered with the target antigen and
presumably are taken up by tolerogenic APCs, and
induce Tregs (120, 121). The use of Rapamycin-
containing nanoparticles for tolerance was
successfully used by Zhang et al. for FVIII (122).
Several other approaches, in addition to the above
strategies, are being developed to induce tolerance
to FVIII.

Khalilian SH et al.

Conclusion

In conclusion, many experimental investi-
gations have been performed to evaluate the
effectiveness of inducing tolerogenic responses to
overcome the main complication of hemophilia A
patients, which is the anti FVIII inhibitor
development (Table 1). Considering all the pros and
cons, these approaches follow common destinations
comprising cost-effectivity, durability, and time-
efficiency of the treatment. Time will tell which of
these approaches may become the best clinical
therapy in the future.
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